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The Inhibition of the Corrosion of tron by Some 


Anodie Inhibitors 


M. J. Pryor anp M. Couen 
National Research Council, Ottawa, Canada 


ABSTRACT 


Inhibitors having relatively strong oxidizing anions, such as sodium chromate and 
nitrite, passivate iron both in the presence of air and in deaerated solutions. Much 
weaker oxidizing agents such as sodium tungstate and molybdate behave similarly to 
chromate and nitrite in the presence of air but do not prevent corrosion in deaerated 
solutions despite the fact that potential/time and polarization curves indicate that 
slow film formation is occurring. Tungstate ions, however, are effective oxidizing agents 
toward iron when discharged anodically at high current density. 

Solutions of sodium acetate, benzoate, carbonate, hydroxide, orthophosphate, and 
silicate, which do not contain oxidizing anions, passivate iron only when they contain 
dissolved air. When these solutions are deaerated they attack iron very slowly, poten- 
tial/time and polarization curves indicating that this attack is mainly under cathodic 
control. 

It is postulated that oxygen dissolved in solution is mainly responsible for passivity 
by virtue of its heterogeneous reaction with surface iron atoms to form a thin film of 
y-Fe.O;, approximately 200 A? thick, in a manner similar to that by which oxide films 
are formed in air. This film, if kept in constant repair, prevents iron ions from the metal 
passing into solution. It is considered that, in inhibitors containing oxidizing anions, 
the passivity film is formed mainly by dissolved oxygen, whereas in other inhibitors, 
which do not contain oxidizing anions, the oxide is formed entirely by dissolved oxygen. 


















INTRODUCTION 


Previous research was carried out in order to 
obtain more comprehensive information concerning 
the reactions occurring when solutions of sodium 
nitrite (1, 7, 8), sodium chromate (2), sodium 
hydroxide (3), and sodium orthophosphate (4, 5, 6), 
saturated with dissolved air, inhibit the corrosion 
of iron. In all cases passivation of initially film-free 
iron resulted in the formation of a thin invisible 
film which was mainly composed of y-FeO 3. It was 
suggested that the oxide resulted from the adsorp- 
tion of oxygen dissolved in solution followed by re- 
action with the iron surface and growth of the film, 
until a limiting thickness was obtained. Chromate 
and nitrite, which are themselves oxidizing agents, 
were believed to contribute to the formation of 
oxide by adsorption on the surface followed by 
oxidation of the iron and reduction of the inhibitor 
anion. This contention was supported by the ob- 
servation that, in deaerated solution, iron was still 
passivated by chromate (3) but suffered slow cor- 
rosion in sodium phosphate (5) and sodium hy- 
(3) which are not oxidizing agents with 
respect to iron. 


droxids 


Since the formation of a protective oxide film was 
‘ Manuseript received June 19, 1952. This paper was pre- 
pared for delivery before the Montreal Meeting, October 


26 to 30 1952. 
2 Est 


ated on the apparent surface area of the speci- 
mens 


not instantaneous, very slow corrosion initially 
accompanied the growth of oxide. The corrosion 
was believed to be localized, presumably at dis- 
continuities in the oxide film, and was mainly under 
anodic control. This was supported by the detection 
of small inclusions of corrosion product in the passiv- 
ity film, lepidocrocite (y-FeO-OH) in the case of 
sodium hydroxide (3) and sodium nitrite (8), and 
strengite (FePO,-2H.QO) in the case of sodium phos- 
phate (9) by the combined use of electron micros- 
copy and electron diffraction. The detection of 
phosphate was later confirmed by a _ radioactive 
tracer method (6). The mechanism of inhibition put 
forward for these four inhibitors was essentially 
similar, bearing in mind the one major difference 
that chromate and nitrite ions are oxidizing agents 
with respect to iron and that chromate, at least, 
can passivate this metal in deaerated solutions, 
whereas phosphate and hydroxy! ions are nonoxidiz- 
ing agents and attack iron very slowly in deaerated 
solutions. 

Lochte and Paul (10) previously pointed out that 
sodium phosphate, hydroxide, carbonate, and borate 
behaved similarly in that the electrode potential of 
iron exposed to deaerated solutions of these com- 
pounds was much more negative than in similar 
solutions containing dissolved air. Furthermore, 
Robertson (11) showed that sodium chromate, 
nitrite, tungstate, and molybdate passivated iron 
at similar concentrations in the presence of air. 
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The purpose of the research described below was to 
determine whether one mechanism of inhibition 
could be advanced to explain the passivation of 
iron by anodic inhibitors in general, since their 
behavior toward iron was similar in so many aspects. 
The inhibitors investigated were sodium acetate, 
benzoate, silicate, carbonate, tungstate, and molyb- 
date in addition to the four inhibitors sodium chro- 
mate, nitrite, hydroxide, and phosphate previously 
investigated. 

The major part of the research was directed 
toward investigating the effect of deaeration on the 
weight losses of iron specimens, the weight loss/con- 
centration curves, and the potential/time curves. 
Polarization curves, determined in deaerated solu- 
tions, indicated whether the corrosion was under 
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Fig. 1. Variation of weight loss/em? in 5 days with con- 


centration of 11 inhibitors in the presence of air. 


anodic or cathodic control. Experiments were also 


carried out to ascertain whether inhibitors that 


were extremely effective in distilled water were, of 
necessity, also very effective in solutions containing 
potassium chloride. The effect of carbon dioxide 


on the corrosion rate was also determined. 


EXPERIMENTAL AND RESULTS 


Materials.—The iron was in the form of annealed 


sheet 0.02 cm thick and had the following analysis: 
C, 0.052 per cent; Si, trace; 5S, 0.013 per cent; P, 
0.028 per cent; Mn, 0.20 per cent; Ni, 0.04 per cent; 
Cr and Cu, not determinable. 

This sheet was used in all experiments except 
those carried out to determine the effect of concen- 
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tration on weight loss in the presence of air anc the 
effects of chloride and carbon dioxide. The shee; 
used in these experiments was on auto-body ste! 
0.1 em thick having the analysis: C, 0.12 per cent: 
Mn, 0.32 per cent; Si, 0.02 per cent; 5, 0.0! per 
cent; P, 0.014 per cent. Specimens, 2.5 x 2.5 em. 
cut from these sheets were thoroughly degreased 
with benzene, abraded with 3/0 emery paper, 
swabbed with acetone, dried, weighed, and exposed 
to the solutions as quickly as possible. 

The inhibitor solutions under investigation were 
made from C.P. chemicals and distilled water. 


Variation of Weight Loss with Concentration in th 
Presence of Dissolved Air 


The relationship between weight loss and con. 
centration was determined in aqueous solutions o! 
the following compounds: sodium carbonate, hy- 
droxide, dibasic and tribasic phosphate, acetate. 
benzoate, nitrite, chromate, tungstate, molybdate. 
and silicate. 

The specimens were suspended from glass hooks. 
by a hole near the center of the top edge, in 200 
ml of the solution under investigation in such a 
manner that their upper edges were | cm below the 
water line of the solution. Experiments were carried 
out for five days at 25° + 0.5°C with a high relative 
humidity to reduce evaporation from the solutions 
At the end of the experiment the specimens were 
removed from the solutions; adherent corrosion 
products were removed, carefully washed with 
distilled water, and dried in a desiccator. The speci- 
mens were then pickled for 2 minutes in inhibited 
1:1 hydrochloric acid; exposure of a clean panel to 
this treatment resulted in a weight loss of less than 
0.2 mg. The specimens were finally washed with 
water, dried with acetone, and reweighed, the re- 
sults being expressed as weight loss/cm? in five 
days (Fig. 1). 

The corrosion products were subjected to x-ray 
analysis using a cobalt target and an iron filter 
The results are shown in Table I. 


Variation in Weight Loss with Concentration 1” 
Deaerated Solutions 


This examination was carried out as previously 
described (5) using the deaeration technique in- 
volving the very large decrease in gaseous solubility 
on freezing an aqueous solution. The apparatus 
previously used was modified so that specimens 
measuring 4 x 3 cm and 50 ml of solution could be 
used. In a typical experiment a specimen was exposed 
to 50 ml of deaerated solution for five days, the 
apparatus being placed in a water bath maintained 
at 25° + 0.05°C. At the end of this period t!e 4? 
paratus was removed from the bath and ope ed to 
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the air; the specimen was removed from solution, 
cleaned 5 seconds with inhibited 1:1 hydrochloric 
acid, washed, dried, and reweighed; exposure of a 
clean specimen to this treatment resulted in a weight 
loss of less than 0.1 mg. 


to determine them with any degree of accuracy by 
this method, but the solutions, on subsequent 
exposure to air, became yellowish and later minute 
quantities of brown hydrated ferric oxide were 


precipitated. This indicated that, although the 


TABLE I 





Inhibitor Cone N Form of corrosion Corrosion product SE it Geren —— 
NaOH 10-3 General attack y-FeO-OH, Fe;O, and a-FeO-OH 100:25:10 
1O~* General attack y-FeO-OH, Fe,0, and a-FeO-OH 100:40:1 
NacCO; 10-? Localized attack | a-FeO-OH 
10-3 General attack y-FeO-OH 
NasHPO, 10°? Localized attack Fe,(PO,).8H.O 
10-3 General attack >7-FeO-OH 
Na,PO, 10-8 General attack y-FeO-OH 
10-* General attack y-FeO-OH and Fe;0, 100:5 
CH.,COONa 107 General attack y-FeO-OH and Fe;0, 100:80 
10-* General attack y-FeO-OH and Fe;0, 100: 100 
(,H;COONa 10-3 General attack Fe,O, and y-FeO-OH 100:90 
10~* General attack Fe,0, and y-FeO-OH 100:90 
NaeCrO, 10-4 General attack y-FeO-OH, Fe,O, and a-FeO-OH 100:80:1 
10-5 General attack Fe,O0, and 7-FeO-OH 100:90 
NaNO, 10-* General attack Fe,O,, y-FeO-OH and a-FeO-OH 100:90:3 
NasMoO, 10~-* General attack a-FeO-OH,y-FeO-OH and Fe;0, 100:75:10 


The concentration range examined was 10-°N 
to 1.ON for the two inhibitors, disodium phosphate 
and sodium acetate; blank experiments were carried 
out to determine the weight loss in distilled water. 
The results are shown in Fig. 2. Even at the lowest 
concentration of phosphate examined (10~°N) small 
quantities of erystalline ferrous phosphate were 
observed adhering firmly to the iron. On the other 
hand, specimens immersed in the acetate solutions 
had a slightly dulled appearance and no solid cor- 
rosion product could be seen. However, on admitting 
air to the apparatus the sodium acetate solution 
first became a brownish-yellow color and later a 
small quantity of brown hydrated oxide of iron was 
precipitated. 


Weight Loss Determinations in Deaerated Solutions 


lhese determinations were carried out as described 
above in deaerated 0.1N solutions of all inhibitors 


under investigation in this’ research. It was found 
that iron suffered slow corrosion in deaerated 0.1N 
solutions of all inhibitors with the exception of 


sodium chromate and sodium nitrite. 
Weight 
Values | 


However, 
osses were so low in solutions with pH 
gher than about 10.5 that it was not possible 
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Fig. 2. Variation of weight loss/cm?* in 5 days with con- 
centration in deaerated solutions of disodium phosphate 
and sodium acetate. 


weight losses were too small to measure accurately, 
the specimens had undoubtedly undergone very 
slow corrosion. The weight losses in deaerated solu- 
tions with pH values below 10.5 were such that they 
could be measured to a reasonable degree of ac- 
curacy (see Table II). Portions of the original air- 
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formed oxide film were frequently undermined and 
could be observed suspended in the solutions. Under 
the microscope the films exhibited abrasion marks. 
Specimens immersed in sodium molybdate solution 
grew films of interference color thickness but, in 
addition, iron also passed into solution. Only speci- 
mens immersed in deaerated solutions of disodium 
phosphate had a visible solid corrosion product 
Fe;(PO,).8H.O] adhering to the iron. In all other 





TABLE II 


Solution \ Wt loss/cm? in 5 days (mg pH value 

0.1 NaszHPO, 0.075, 0.070 8.5 
0.1 CH,COONa 0.025, 0.031 8.5 
0.1 CsH;COONa 0.027, 0.033 8.6 
0.1 NasMoO, 0.021, 0.029F 8.7 
0.1 NaeWO, 0.021, 0.016 9.2 
0.1 NasCO,; Very small* 10.6 
0.1 Na;PO, oy = is.¢ 
0.1 NaSiO; si = 12.5 
0.1 NaOH “ = 12.8 
0.1 NasCrO, Passive 8.5 
0.1 NaNO. hi 8.7 
0.1 KCI 0.021, 0.019 

H.O 0.015, 0.017 


+ First order interference colors observed on the speci- 
mens. 

* Weight loss too small to determine accurately but iron 
passes into solution and precipitates out as hydrated oxide 
on exposure of solution to air 
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Fic. 3. Apparatus for determination of potentials in 
the presence of air. 


cases, with the exception of sodium molybdate, the 
specimens either appeared bright or had a slightly 
etched appearance despite the fact that appreciable 
dissolution of iron had occurred. 


Potential Measurements in the Presence 
of Air 


The variation of the electrode potential of abraded 
iron specimens with time was determined continu- 
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ously over a five-day period in 0.1N_ inhibitor 
solutions. 

The apparatus used for these determinations jx 
shown in Fig. 3. Specimens were in the form of 
strip 0.5 em wide with a total of 2.5 cm? area ey. 
posed to the electrolyte. 300 ml of the solutioy 
under investigation were placed in a 600-m! glass 
bottle and shaken thoroughly in contact with the 
atmosphere in order to ensure saturation with respect 
to dissolved air. A small hole through the cork for 
the bottle was loosely packed with cotton wool to 
reduce evaporation while still permitting access to 
the air. Electrolytic contact to a saturated calome! 
electrode placed in an auxiliary vessel containing 
saturated sodium bicarbonate solution was effected 
through a stopcock kept in the closed position. This 
stopcock was greased with a stiff paste consisting 
of a mixture of bentonite,’ glycerine, and water 
which prevented contamination of the inhibitor 
solution but maintained excellent electrolytic con- 
tact. Separate experiments showed that the re. 
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Fic. 4. Potential/time curves for 0.1N solutions of | 
inhibitors in the preserfce of air. 


sistance of a stopcock treated in this manner Was 
initially of the order of two megohms, but fell in « 
few hours to a value of approximately 250,000 ohms 
and remained constant for several weeks; further- 
more no diffusion of colored solutions through the 
stopcock could be detected in one month under 4 
hydrostatic head of one foot. 

In a typical experiment the specimen was 4 
greased and abraded as described previously; it W2* 
then exposed to the solution under examination 
potential difference readings were recorded col 
tinuously over the five-day period of the experimet! 
by means of a Leeds and Northrup “Micromax’ 
recording potentiometer. 

Potential /time curves,‘ determined at 25° + 0.9‘ 
in 0.1N inhibitor solutions are shown in !'ig. 4 
Experiments were carried out either in duplicate © 

* A hydrous aluminum silicate which swells on 1'\¢ addi 
tion of water. 

‘ All potentials in this paper are expressed in re! {ion '° 
the Standard Hydrogen scale. 
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in triplieate with a control in each series—consisting 
usually of a redetermination of the curve for 0.1N 
dium chromate. The results obtained were reason- 
ably reproducible (+10 my) if careful attention 
was paid to such factors as saturation of the solu- 
tions With dissolved air, absence of vibration, and 
similarity of surface treatment of the specimens. 
Potential/time measurements were also carried 
out in more dilute solutions of these inhibitors. 
Fig. 5 and 6 show some typical results. In all cases, 
dilution of the inhibitor resulted in a more positive 
noble) potential, as long as the specimens did not 
orrode. When the final potentials are plotted 
against the pH value of the solution it can be seen 
that the steady values to which the passive poten- 
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Fic. 5. Potential/time curves in diluted inhibitor solu 
ms in the presence of air. 
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Fie. 6. Potential/time curves in diluted inhibitor solu- 
lions In the presence of air 


- ] . . . . 

lials settle become more negative with a rise in pH 
lig. 7). The points not lying on the curve are the 
phosphates and sodium silicate. 


Potential Measurements in Deaerated Solutions 


Potential measurements in deaerated solutions 
Were carried out using the method and apparatus 
described in a previous paper (5). Specimens measur- 
ng 2.5 x 0.5 em which had been degreased and 
ibraded as described above were exposed to 5 ml 
ol the deaerated 0.1N inhibitor solution to which 


had been added 10 ppm chloride ion, in the form of 
Potassiim chloride, so that the chloridized silver 
“ire could take up a steady potential characteristic 
O} the 


‘oneentration of chloride ions in solution. 


Potential difference measurements were recorded 
continuous!y for the five-day period of the experi- 
ments in all 0.1N inhibitor solutions with the ex- 
ception of sodium chromate in which the silver/silver 
chloride electrode was not stable. Previous work (3), 
however, had shown that the potential of iron in 
deaerated 0.1N KCrO, was initially zero and be- 
came slowly more positive (noble) with time. The 
potential of the chloridized silver wire was deter- 
mined separately at the end of each run and the 
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electrode potential of the specimens calculated. 
The original air-formed oxide film appeared more 
stable at pH values above 11.0 and was therefore 
first destroyed by two minutes’ treatment with 
deaerated 0.1N hydrochloric acid. The results are 
shown in Fig. 8. 

It can be seen that, with the exception of sodium 
nitrite, tungstate, and molybdate, the potential /time 
curves are either flat or become slightly more nega- 
tive (active) with time. Chromate and nitrite are 
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known to be oxidizing agents with respect to iron, 
but recently doubt has been raised as to whether 
tungstate and molybdate behave in a similar manner 
(11). Accordingly, experiments were carried out to 
investigate this point. 
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Fic. 10. Apparatus for determining the rates of oxidation 
of deaerated ferrous solutions. 


Rate of Oxidation of Ferrous Solutions at Neutral pH 
Values by Sodium Tungstaie, Molybdate, and 
Dissolved Air 


The rate of oxidation of ferrous ions by dissolved 
air was determined by stirring 25 ml of acidified 
0.0072N FeSO, solution, neutralized to a pH value 
of approximately 7.0 by the addition of strong NaOH 


solution. The concentration of residual Fe** in soly. 
tion was determined at different intervals of time 
by acidifying the solution with concentrated sulfuric 
acid, which dissolved the hydrated oxides of iron 
and stopped further oxidation of the ferrous ions. 
the concentration of which was then determined by 
an electrometric titration with 0.1N KMn0, from 
a microburette. The results (Fig. 9) show that 
oxidation is 95 per cent complete in five minutes 
and 100 per cent complete in thirty minutes. 

Since the rate of oxidation of ferrous ions by air 
in neutral solution is so high, any attempt to de- 
termine the rate of oxidation by tungstate and 
molybdate must be carried out in the absence of 
air. Accordingly experiments to this end, the pre- 
liminary results of which have been previously re- 
ported (12), were carried out in the apparatus 
shown in Fig. 10. Twenty five ml of 0.0072N FeSo, 
in NHSO,, together with excess (4 ml) 0.1N sodium 
tungstate or molybdate, were contained in the bulb, 
A. Robertson (11) has shown that this mixture is 
stable in air. The bulb, B, contained sufficient V 
sodium hydroxide solution to neutralize the acid in 
A and bring the pH of the mixture to approximately 
7.0, while C contained 20 ml of 3N sulfuric acid. 
The three solutions were then deaerated as described 
above. When the deaeration was complete, the con- 
tents of A were transferred to the reaction chamber, 
R, by rotating the bulb about the joint D. The 
contents of B were then added to neutralize the 
excess acid and to bring the solution into the neutral 
pH range. Reaction was then allowed to take place 
at 25°C. At the end of the required period the acid 
in C was added to the solution in R. The hydrated 
oxides of iron were dissolved and the ferrous ions 
in solution stabilized by the excess acid. The ferrous 
ion concentration was then determined by electro- 
metric titration as described above. 

Experiments were also carried out in which no 
oxidant was added to the ferrous solution. Owing to 
incomplete drainage and perhaps to some decompos!- 
tion of the ferrous hydroxide (13, 14), although this 
point is very doubtful (15), a small decrease in the 
ferrous ion content of the final solution was observed 
This blank reading, which appeared to be inde- 
pendent of time, was subtracted from all values ob- 
tained with tungstate and molybdate present. The 
results, expressed as the percentage of weight o! 
ferrous material oxidized, are shown in Fig. !!. 
They demonstrate that both tungstate and molyb- 
date are very mild oxidizing agents with respect '0 
ferrous compounds; the effect, however, would be 
masked in neutral solutions by oxidation with dis 
solved air, if this was present. It was also observed 
that excess potassium chromate completely 0» dized 
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ferrous ions in the presence of 1N sulfuric acid 
extremely rapidly. 


Determination of Polarization Curves 


Anodie and cathodic polarization curves were 
determined in deaerated 0.1N solutions of some 
anodic inhibitors using the method described in a 
previous paper (5). The iron electrodes, measuring 
25 x 0.5 em were suspended 1 cm apart in 5 ml of 
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11. Relationship between time and the percentage 
xidation of deaerated neutral ferrous solutions by excess 
sodium tungstate and sodium molybdate. 
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12. Anodic and cathodic polarization curves in 
some deaerated 0.1N inhibitor solutions. A, anodic polariza- 
tion curves; C, cathodic polarization curves. 


the deaerated inhibitor solution containing 10 ppm 
chloride ion in the form of potassium chloride. The 
potentials were measured against a chloridized silver 
‘ire also suspended in the solution. The applied 
‘urrent ranged between 0-10 microamps/cm? of 
specimen. The results are shown in Fig. 12. It can 
be seen that the slopes of the cathodic polarization 
“urves increase with a rise in pH and in all cases 
greater than those of the anodic polarization 
lhe slope of the anodic polarization curve 
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for sodium tungstate is, however, somewhat greater 
than that of other inhibitors at a similar pH value. 

A further investigation of the anodic curve for 
sodium tungstate was, therefore, carried out as 
follows. At the end of one determination the cur- 
rent was switched off and the specimen left in con- 
tact with the solution for 24 hours. The anodic curve 
was then redetermined in a similar manner and the 
current switched off once more. The procedure was 
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Fic. 13. Effect of repeated redetermination on the anodic 
polarization curve of iron on deaerated 0.1N sodium tung- 


state solution. 
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Fic. 14. Effect of repeated redetermination on the anodic 
polarization curve of iron in deaerated 0.1N disodium phos- 
phate solution. 


repeated several times over a period of five days. 
The rise in potential of the specimen, with time, 
following anodic polarization was much more rapid 
than that of a specimen simply exposed to deaerated 
0.1N sodium tungstate as shown in Fig. 8. After 
several redeterminations the anode became passive 
(Fig. 13), whereas the potential of the cathode re- 
mained close to the original value. This behavior is 
quite different from that exhibited by deaerated 
0.1N disodium phosphate in which the anodic 
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polarization curve was little affected by repeated 
redetermination (Fig. 14). 


Effect of Chloride Ions on Inhibition 


A series of experiments was carried out in order 
to determine the concentration of chloride ions, added 
as potassium chloride, required to break down the 
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Fie. 15. Diagram showing the concentration of potas 
sium chloride required to initiate corrosion in 0.1N inhibitor 
solutions in the presence of air. 
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Fic. 16. Diagram showing the concentration of potas 
sium chloride required to initiate corrosion in more dilute 
inhibitor solutions in the presence of air. 


passivity resulting from immersion in 0.1N inhibitor 
solutions. 

The specimens were in the form of sheet measur- 
ing 10.0 x 2.5 em and were partially immersed in 
200 ml of solution contained in open 250 ml beakers. 
Experiments were carried out for periods of up to 
one week, but it was generally found that, if a speci- 
men Was going to corrode, the corrosion would be- 
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come evident within the first 24 hours. The resy};, 
are shown in Fig. 15. 

Several experiments were carried out in a simila) 
manner to determine the effeet of dilution on the 
concentration of chloride required to initiate corr. 
sion. The inhibitors investigated in this manner were 
sodium chromate, nitrite, and tribasic phosphate 
The results are shown in Fig. 16. 


Effect of Carbon Dioxide on the Rate of Corrosie, 


of Tron 


The deaeration technique described above 
moved all dissolved gases from solutions. The Weight 
losses were, therefore, determined not only in th 
absence of oxygen but also in the absence of carbo) 
dioxide which has an appreciable effect on the pli 
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Fig. 17. Apparatus for determining weight loss in t! 
presence of air freed from carbon dioxide. 
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value of unbuffered solutions. As a result, the 
periments are not strictly comparable with thi 
weight losses determined in the open beaker exper 
ments (Fig. 1) where the solutions did conta! 
carbon dioxide. A series of experiments was there 
fore carried out to determine the weight losses |! 
solutions saturated with dissolved air but freed trom 
carbon dioxide. 

The apparatus used is shown in Fig. 17. Th 
carbon dioxide present in solution was removed )) 
bubbling for two hours with air freed from C0 
by passing through the tube K filled with ascarite 
The air left the apparatus through C. During ths 
period the specimen M was situated in the sije-arm 
B. After the solution and apparatus had bee: [ree 
from carbon dioxide the stopcock D was clo-:d an¢ 
air freed from CO, passed in through F aid 0! 
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throuch C, at constant pressure, for the period of 
the experiment. The apparatus was tilted so that the 
specimen, which was attached by the thread J to 
the glass hook E, fell 1 em below the waterline of 
the solution. Banks of six similar apparatuses were 
placed in a constant temperature enclosure operat- 
ing at 25° + 0.5°C. Blank experiments were carried 
out in Which a similar procedure was employed, 
except that the air was not freed from CO.. 

The specimens were in the form of sheet 2.5 x 2.5 
em with a small hole located at the center of the 
upper edge. They were degreased, abraded, and 
weighed as described above. At the end of the 
experiments, which lasted 5 days, the corrosion 
products were removed by treatment with inhibited 
1.1 HCl and the specimens washed, dried, and 
reweighed. Two hundred ml of solution were. used 
» all experiments. The inhibitor investigated by 
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ric. 18. Relationship between weight loss/em? in 5 
sand concentration in solutions of disodium phosphate 
i the presence of air freed from carbon dioxide. 


this method was disodium phosphate. The results, 
together with the blank experiments in which CO, 
vas not removed, are shown in Fig. 18. 
DISCUSSION 

\ll inhibitor solutions described above are ca- 
pable of behaving as oxidizing agents toward iron 
‘hen they contain dissolved oxygen. However 
solutions with nonoxidizing anions, e.g., sodium 
hydroxide, carbonate, silicate, acetate, benzoate, 
ibasie and tribasie phosphate, lose this property 
‘hen deaerated. The remaining solutions, sodium 
‘tromate, nitrite, tungstate, and molybdate, which 
ontain oxidizing anions of various degrees of 
tlectiveness, do not completely lose their oxidizing 


poWers on deaeration, although it has been shown 
Fig. 11) that, in deaerated, neutral solutions, 
‘ingsta‘e and molybdate are only very mild oxidiz- 
NK ageots. These two classes of inhibitors show 
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rather different properties and will, therefore, be 
considered separately in the following discussion. 


Inhibitors Having Nonoxidizing Anions 


These inhibitors behave very similarly to that 
described previously for sodium hydroxide (3) and 
orthophosphates (4, 5) in that passivity is only ob- 
tained when the solutions contain dissolved air 
(Fig. 1 and 2, Table II). In deaerated solutions, iron 
corrodes very slowly, the rate of corrosion decreas- 
ing with a rise in pH, with the exception of disodium 
phosphate which exhibits an anomalously high 
weight loss; this point is discussed later. At high 
pH values the rate of corrosion is very slow and of 
little practical consequence. 

The curves of Fig. 2 are not strictly comparable 
to the equivalent results obtained in the open 
beaker experiments (Fig. 1) since the solutions then 
contained carbon dioxide in addition to air, whereas 
the deaeration removed both air and carbon dioxide. 
From Fig. 18 it can be seen that although the re- 
moval of CO, reduces the weight losses slightly it 
does not affect the form of the curves. By comparison 
with the curves in Fig. 2 it can be seen that the 
removal of dissolved air greatly reduces the rate 
of corrosion at low inhibitor concentrations since 
the cathodic reaction is no longer depolarized by 
dissolved oxygen. At higher concentrations the 
weight losses in the presence of air begin to decrease 
rapidly and reach zero as the specimens become 
passive, whereas in deaerated solutions the weight 
losses continue to increase. 

The potential /time curves of passivated specimens 
(Fig. 4-6) all fall largely within the range 0 to +0.35 
volt. If the solutions are deaerated, however, the 
potentials of specimens in solutions having non- 
oxidizing anions become much more negative (Fig. 
8) and either remain constant or become slightly 
more negative with time; the final value of the po- 
tential also becomes more negative with rise in 
pH, with the exception of disodium phosphate 
which exhibits an anomalously low potential. 
Weight loss determinations (Table II) indicate 
that the specimens are corroding very slowly and 
the form of the potential/time curves suggests that 
this corrosion is under cathodic control. This is 
confirmed by polarization curves® in deaerated 
solutions (Fig. 12) which show that, at the low cur- 
rent densities operative during this slow corrosion, 
the anodic polarization curves are practically flat 
whereas the cathodic polarization curves have a 
much greater slope which increases with rise in pH. 

In a corroding system of low resistance the com- 

* It should be noted that these polarization curves are 


the continuation of the curves representing a corroding 
specimen. 
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promise potential of the specimen and the corrosion 
current are given by the potential and current inter- 
cepts at the junction of the anodic and cathodic 
polarization curves (Fig. 19a). At the low current 
densities operative during the cathodically con- 
trolled slow corrosion in deaerated solutions, the 
compromise potential of the specimen is very close 
to that of the anodic reaction and is given approxi- 
mately by the Nernst equation: 

E=h+5 . 

where ky = —0.44 volt. 
At the steady state in solutions of relatively high 
pH the ferrous ion concentration is that in equilib- 
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Fic. 19. Potential/current diagrams showing the effect 
of (a) pH and (6) ferrous ion concentration on the corro- 
sion current and potential. 


rium with ferrous hydroxide, except in solutions of 
disodium phosphate where the corrosion product is 
ferrous phosphate (5). The ferrous hydroxide cor- 
rosion product in deaerated solution is a whitish 
gelatinous product and is difficult to observe in 
very small amounts. However, conditions of pH 
and the rate at which iron passes into solution 
formation. The concentration of 
ferrous ions, once ferrous hydroxide is formed as a 
corrosion product, is given by 


necessitate its 


i Sreon)s 
Fe On (II) 
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where Spewon), is the solubility product of ferroys 
hydroxide. 

The open-circuit potential of the cathodic yp. 
action 


2H+ + 2e’ = H, (H] 


varies with hydroxy! ion concentration in a similar 
manner, at constant pressure of hydrogen, so that 
the open-circuit potential difference between anodic 
and cathodic should remain constant 
despite the fact that a rise in pH results in a shift of 
both potentials in the negative direction. Whey 
current is drawn from this corrosion cell the cathodi 
reaction polarizes much more than the anodic r- 


reactions 


action and this polarization increases with a rise iy 
pH (Fig. 12). Thus, as the pH of the solution is 
raised, the compromise potential of the specimen 
shifts in the negative direction, e.g., from V, to 
V,, while the corrosion current falls, e.g., from ji 
to i, (Fig. 19a). If the Nernst equation is accurately 
obeyed, a unit increase in pH should result in a 5! 
mv decrease in potential. This appears to be tru 
when the equilibrium concentration of Fe 


++ 


does 
not exceed a value of approximately 10~° gm ions 
liter. Thus calculation of the solubility product ol 
ferrous hydroxide from the equilibrium potential 
of iron in deaerated 0.1N CH,;COONa (pH = 85 
gives a value of 10-“® which is the same value as 
that obtained by Shipley and McHaffie (16). At 
higher pH values, when the [Fe**] is less than 10 
gm ions/liter, the Nernst relationship appears to 
be no longer obeyed and the change in potentia 
for a unit rise in pH is less than 59 mv. 

Iron exposed to deaerated disodium phosphate 
exhibits an anomalously low potential and _ high 
weight loss. At pH 8.5, however, the corrosio 
product in deaerated 0.1N disodium phosphate 's 
not ferrous hydroxide but ferrous phosphate, and 
consequently the concentration 1! 
equilibrium with ferrous phosphate must be lowe! 
than that in equilibrium with ferrous hydroxide 
The potential of the anodic reaction will, thus, 
lower in deaerated disodium phosphate than in « 
deaerated solution of similar pH in which the cor- 
rosion product is ferrous hydroxide, e.g., 0.1. %°- 
dium acetate. The cathodic polarization curve Wi! 
be the same in both cases with the result that the 
compromise potential in disodium phosphate (Vp 
will be than in acetate (V-) 
while the corrosion current (iq) will be greater than 
acetate (i). At pH values above 10, ferrous hy 
droxide should be more insoluble than ferrous pho* 


ferrous ion 


lower 


phate and it is interesting to note that crystalline 
ferrous phosphate is not observed as a corrosi0l 


product in deaerated solutions above this pH valu 


Presumably the potential of iron in deaerated 


(Fig. 19), 
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sodium phosphate is controlled by the precipitation 
of ferrous hydroxide, despite the fact that ferric 
phosphate is found in the passivity films formed on 
iron immersed in trisodium phosphate containing 
dissolved air (9, 6). Calculation from potential data, 
the pH value of the solution, and dissociation 
constants of the orthophosphate ions (17), leads to 
an approximate value of 10-* for the solubility 
product of ferrous phosphate. 

It appears that inhibitors having nonoxidizing 
anions behave in a similar manner and that the 
mechanism of inhibition is like that put forward for 
orthophosphates (4, 5). Inhibition is due primarily 
to oxygen, dissolved in solution, which has been 
shown to be a powerful oxidizing agent in neutral 
solution (Fig. 9). The oxygen, dissolved in solution, 
is believed to adsorb on the surface of the iron and 
react with surface iron atoms forming a thin, in- 
visible film of y-Fe.O;, of the order of 200 A thick, 
in & manner similar to that by which oxide films 
are formed in air. Film formation is, however, not 
iwstantaneous and very slow corrosion, leading to 
the production of inclusions of corrosion product, 
accompanies the early stages of passivation. A more 
detailed account of the mechanism will be given 
ater. 


Inhibitors Having Oxidizing Anions 


Sodium chromate and sodium nitrite are well- 
known oxidizing agents and Fig. 11 shows that 
tungstate and molybdate ions have mild oxidizing 
powers in neutral solutions. These inhibitors show 
many points of similarity to the inhibitors having 
nonoxidizing anions; for instance the films formed 
by passivation of initially film-free iron specimens 
in chromate and nitrite are composed mainly of 
y-Fe,O, (2, 8) and films formed by nitrite also con- 
tain small quantities of lepidocrocite (8), although 
is distribution throughout the film was not de- 
termined. It is probable that the films formed by 
chromate also contain small quantities of lepidocro- 
‘ite in addition to small amounts of chromium com- 
wounds (18, 19, 20). The method of electron diffrac- 
lion previously used to examine these films (2) was, 
however, not sufficiently sensitive to detect very 
mall amounts of other compounds. 

The possibility of oxidizing inhibitors contribut- 
ig to the formation of the oxide film cannot be 
dismissed. It was found previously (3), as well as 
during this research (Table II), that 0.1N sodium 
chromate passivates iron in deaerated solutions. 
Also 0.1.V sodium nitrite, a milder oxidizing agent, 
Nehaves similarly (Table II) except that the po- 
ential of an iron specimen in deaerated solutions 
Fig, 5) takes longer to reach the passive range. 
‘lium ‘ungstate and sodium molybdate are much 
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weaker oxidizing agents toward ferrous solutions 
(Fig. 11), although these experiments do not neces- 
sarily represent their oxidizing powers with respect 
to an iron surface. However, tungstate and molyb- 
date are not sufficiently powerful oxidants to build 
up a protective oxide film in deaerated solution, at 
least during the period of the experiments, and so 
appreciable quantities of iron pass into solution 
(Table II). Fig. 8, however, provides definite evi- 
dence of increasing anodic polarization with time— 
which is quite different behavior to that shown by 
deaerated inhibitors with nonoxidizing anions. 
Presumably some oxide is'being formed by adsorp- 
tion of the tungstate (or molybdate) ion followed by 
oxidation of the iron and reduction of the inhibitor 
anion, but the rate of formation is not sufficiently 
high to form a protective film. Similar behavior is 
exhibited by tungstate during determinations of 
the polarization curves in deaerated solution (Fig. 
12) where it is observed that the gradient of the 
anodic polarization curve is slightly greater than 
that of nonoxidizing agents at similar pH values. 

Despite the fact that tungstate and molybdate 
are such weak oxidizing agents, they passivate iron 
in solutions containing dissolved air at similar con- 
centrations to chromate and nitrite (Fig. 1), an 
effect previously noticed by Robertson (11). In 
order to explain this, the significance of Fig. 13 must 
first be considered. Successive redetermination of 
the anodic polarization curve in deaerated 0.1N 
sodium tungstate solution results in passivation of 
the anode in a comparatively short time, whereas 
similar treatment of an iron anode in a deaerated 
inhibitor with nonoxidizing anions, such as disodium 
phosphate, results in very little change in the anodic 
polarization curve (Fig. 14) and the potential of the 
anode always returns to the equilibrium value. 
The fact that the potential of the cathode remains 
at the equilibrium vaiue in both experiments indi- 
cates that oxygen was not evolved at the anode. 
Apparently the tungstate ions are more effective 
oxidizing agents when discharged at the anode 
under conditions of high current density. In the 
later redeterminations the anode is probably so 
largely covered by oxide that the local current 
density is very high at the anodic areas. 

When an abraded specimen is immersed in a 
passivating solution, the surface is initially largely 
covered with oxide formed by exposure to the 
atmosphere. Under these conditions the already 
small areas available for anodic reaction become 
even smaller due to the progressive growth of oxide 
in solution. It was previously suggested (5) that 
under such conditions a high local current density 
was developed at the anodic areas. If this is the case, 
the anions of such a weak oxidizing agent as sodium 
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high current 
density and would then prove a relatively rapid and 
efficient oxidizing agent. This may explain the great 
similarity between the four oxidizing inhibitors of 
unequal oxidizing powers. 


tungstate would be discharged at 


Thus the mechanism of inhibition for these four 
inhibitors is essentially the same as described in 
the previous section. Inhibition is primarily due to 
a thin film of y-Fe:O; probably formed mainly by 
oxygen dissolved in solution. The importance of 
the oxidizing inhibitor seems to be confined mainly 
to the reactions taking place at discontinuities in 
the oxide film where slow corrosion is occurring. 
In the absence of air, oxidizing anions react with the 
iron surface to form iron oxide, the rate of this 
reaction being sufficiently high with chromate and 
nitrite to form a protective film. A more detailed 
account of the mechanism of inhibition will be 
given later in the discussion. 


Effect of Chloride on Passivity 


It can be seen from Fig. | and 15 that those in- 
hibitors which passivate iron at low concentrations 
are not necessarily more effective in the presence of 
chloride. For instance, the concentration of chloride 
required to make 0.1N sodium carbonate and di- 
sodium phosphate corrosive is very similar to that 
required to make 0.1N sodium chromate and molyb- 
date corrosive despite the fact that, in the absence 
of chloride, the former do not inhibit the corrosion 
of iron until their concentration is of the order of 
10-'N. whereas the latter inhibit at 10-°N. It is 
probable that film breakdown initially starts at 
inclusions of corrosion product in the passivity films 
and that the concentration of chloride that can be 
tolerated is related in a complex manner to the pH 
changes at the anodic areas. 


Nature of the Passive Potentials 


One of the surprising features of Fig. 4, 5, and 6 
is that specimens exhibit more positive potentials 
in more dilute inhibitive solutions despite the fact 
that these solutions are poorer inhibitors, in that a 
much lower concentration of chloride is required to 
make them corrosive (Fig. 16). Furthermore, with 
the exception of sodium silicate and the phosphates, 
the steady value of the passive potential becomes 
more negative with rise in pH (Fig. 7). It is be- 
lieved that the potential of a passive specimen is the 
potential of the very slow corrosion occurring at 
discontinuities in the oxide film. 


Mechanism of Inhibition 


It appears that a mechanism, based on the con- 
cept of protective films of y-FesO; maintained in 
constant repair, can be put forward to explain in- 
hibition by anodic inhibitors. The oxide film is 
believed to be formed entirely by dissolved oxy- 


gen in inhibitors which do not contain oxi izing 
anions and mainly by dissolved oxygen even whey 
the inhibitor contains oxidizing anions. The {ilm jx 
believed to be formed by adsorption of oxygen, 
followed by heterogeneous reaction and thickening 
until it reaches an equilibrium thickness of approxi. 
mately 200 A when it is sufficiently thick to preven 
the outward diffusion of iron ions. The mechanism 
of formation of the oxide film is considered to hp 
similar to that by which oxide films are formed jy 
dry air. However, this film must be maintained jy 
constant repair, usually by dissolved oxygen, 
order to stop iron ions entering the solution. 

The formation of a protective oxide film is jo: 
instantaneous and very slow corrosion accompanies 
the initial formation of oxide. The oxygen dissolved 
in solution exhibits a dual role, since it is not on) 
largely responsible for the formation of the passiy 
ity film, but also acts as a cathodic depolarizer fo: 
reaction. The rate 
of this corrosion is controlled by high anodic polar 
zation brought about by the very small size of th: 


the accompanying corrosion 


anodic areas resulting from the progressive growt! 
of the oxide film in solution. It was previously sug 
gested (5) that a high current density was developed 
at these anodic areas. 

Small (y-FeO-OH 
the natural corrosion product, of the order of | to 


inclusions of lepidocrocite 
2u in diameter have been detected in the passivit) 
films formed in sodium hydroxide (3). Inclusions 0’ 
strengite (FePO,-2H.O), of the order of Iu in diam 
eter have also been found in passivity films formed 
on iron by disodium phosphate (9). It is probabil 
that, in the remaining inhibitors which have no 
oxidizing anions, inclusions of lepidocrocite ar 
present in the passivity films; the lepidocrocite ma) 
also contain some a-FeO-OH and FeO, which ar 
also oxidation products of Fe(OH), (Table 1). Th 
precipitation of corrosion product over the sma 
anodic areas probably retards the further later 
growth of oxide; additional anodic polarization wil! 
however, result from thickening and consequet!! 
increase of resistance of the corrosion product. Thi 
initial corrosion is believed to become very *!0" 
after about one day when the duplex film is appar 
ently sufficiently thick and continuous to practical!) 
prevent the further outward diffusion of iron ions 
The nonoxidizing inhibitor anions do not participal’ 
directly in the formation of the oxide film; the 
function seems to be confined to the initial dis 
continuities in the oxide film where slow corroste! 
is occurring. The rate of corrosion must be sufficient!) 
slow to prevent undermining of the film and the 
inhibitor probably ensures this condition by ©" 
trolling the pH of the solution so that th anod! 
areas do not become too acidic. 


ry . . » 10 
The same general mechanism is appli ble t 
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inhib:iors Which contain oxidizing anions. In de- 
erated solutions, chromate and nitrite form an 
oxide film suffidiently rapidly to give inhibition 
while tungstate and molybdate do not form oxide 
sufficiently rapidly to prevent corrosion. In solutions 
containing dissolved air, however, the main part of 
the oxide film is still formed by dissolved oxygen 
with slow corrosion, under anodic control, accom- 
panying the early stages of film formation, It was 
suggested in an earlier paper (5) that a high current 
density Was operative at the small anodes. Even 
such a mild oxidizing anion as the tungstate ion 
when discharged anodically at high current density 
proves to be a relatively efficient oxidizing agent, 
comparable, in fact, to chromate and nitrite. This is 
suggested as the reason for the great similarity of 
behavior, in the presence of air, of the four oxidizing 
anions of vastly different oxidizing power. The 
discharge of oxidizing anions at small anodes at 
high current density is considered to result in the 
additional formation of oxide with the result that 
nhibition is achieved at lower concentrations than 

inhibitors having nonoxidizing anions. The 
uclusions, Which are probably thicker than the 
surrounding oxide film, are believed to consist of a 
mixture of oxide, corrosion product, and the re- 
duction product of the inhibitor anion if this is 
usoluble. 

It should be emphasized, however, that even after 
the film has become protective it must be kept in a 
state of constant repair either by dissolved oxygen 
or by an oxidizing anion or both. Under conditions 
eading to inhibition any local breakdown is repaired 
by the formation of fresh film by the inhibitor. 

The formation of y-Fe:O; by dissolved oxygen 
should be independent of the pH of the solution. 
The simultaneous corrosion process is, however, 
dependent on conditions existing in solution and 
on the surface condition of the metal (6). In general, 
lactors tending to increase this rate of corrosion 
vill militate against passivity since it is believed 
that the inclusions in duplex films are points of 
Vveakness from which film breakdown may begin. 


SUMMARY 


Decinormal solutions of sodium acetate, benzoate, 
‘arbonate, hydroxide, orthophosphate, and silicate 
passivate iron only in the presence of dissolved air. 
i the solutions are deaerated, they attack iron 
‘owly, potential/time and polarization curves 
showing that the attack is under cathodic control. 

Powe lul oxidizing inhibitors such as decinormal 
“Hons of sodium chromate and nitrite can passi- 
‘ale iron even in deaerated solutions. Inhibitors of 
xidizing power such as sodium tungstate 
and mol vbdate behave similarly to chromate and 
‘trite i) the presence of air, in that inhibition sets 


Weaker 
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in at the same minimum concentration, but are 
unable to prevent corrosion in deaerated solution. 
Potential /time and polarization curves show that 
in deaerated solution of tungstate and molybdate 
some film formation is taking place, but that it is 
too slow to prevent iron passing into solution. How- 
ever, tungstate and probably molybdate ions when 
discharged anodically at high current density are 
effective oxidizing agents toward iron. 

The view is put forward that oxygen dissolved 
in solution is mainly responsible for passivity by 
virtue of its heterogeneous reaction with surface iron 
atoms to form a thin, self-repairing film of y-FesOs, 
of the order of 200 A thick, in a manner similar to 
that by which oxide films are formed in air. Oxidiz- 
ing inhibitors assist in the formation of the passiv- 
ity films by acting as film repairing agents at dis- 
continuities present during the early stages of film 
formation. 
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ABSTRACT how 

The amount of oxygen on the surface of 18-8 stainless steel was obtained by pickling sorl 
the alloy with HCI-H,SQ,, washing with nitrogen-saturated water, then exposing the hari 
metal to waterof known dissolved oxygen content. The decrease in dissolved oxygen for a The 
definite period of exposure was a measure of the oxygen taken up by the 18-8 surface. 

The take-up of oxygen was rapid the first few minutes, then proceeded slowly, reach- Oxy| 
ing a maximum, after 6 hr, of 1.1 microgram/apparent cm? of metal surface. No further ton 
oxygen was consumed up to a maximum exposure of 48 hr. The alloy attained maximum nob! 
passivity after about 3 hr in aerated water, as shown by potential measurements. When It is 
18-8 was pickled with HNO,-HF, the oxygen consumed was only 0.33 wg/apparent em? we 
of surface. This smaller value is related to the decreased true surface area of 18-8 so 
pickled (roughness factor 1.2) compared with the HC1-H.SO, pickle (roughness fac- 

tor = 4.0). 

The maximum amount of oxygen on passive 18-8 based on so-called true surface area TI 
is 0.27 wg/em?. This value is equivalent to a supposed Cr.O, film only 17 A thick. On the steel 
other hand, an equivalent adsorbed oxygen film consists approximately of 1 layer of filme 

| atoms over which a close-packed layer of oxygen molecules is adsorbed. The data are not ; 
; é : “a ‘ was 
inconsistent, therefore, with the adsorbed film theory of passivity, and, accordingly, - 
j the mechanism of passivation by oxygen need not be considered different from that conti 
produced by carbon monoxide in hydrochloric acid saturated with this gas, where the drop 
adsorption theory heretofore has provided the only plausible explanation. of th 
The point of view is proposed that oxide films previously isolated from stainless steels The 
by several investigators were produced by reaction of the adsorbed film with the metal, ait 
. . . . . . . OUSLY 
| the reaction being induced by polishing and abrading, presence of halogen ions and . 
| water in the stripping solution, or by high temperatures. Such oxide films, however, the 1 
are considered to be of secondary importance in accounting for p ssivity as measured by conta 
| corrosion resistance and by a noble potential. On ge 
| The 
INTRODUCTION alcohol. This reagent reacts preferentially with the whict 
| e- ; metal directly beneath any oxide film allowing the since 
Stainless steels are defined as iron-base alloys : a ra 7 ere 
Bo f aa : oxide to “float” to the surface of the liquid, aite: cannes 
containing at least 12 per cent chromium. The most ’ . aa 
tt ‘ i which it can be examined optically or analyze Cor 
widely used composition is the 17-19 per cent : 
, , ; chemically. 9 43 9 
chromium, 8-10 per cent nickel, remainder iron ; ; é , a 
A second viewpoint (4—6) ascribes passivity to 4 Corps 
alloy called 18-8. All these alloys are phenomenally . ac. = 
, od ae : chemisorbed film on the alloy surface, which satis- em? j 
corrosion resistant despite their high iron content, ete « 7 
> aes é fies residual affinities of the metal for its envirot- by 21 
and because of this property, plus a noble galvanic ' io ae mi 
My oy " ment, and which makes up a dipole layer with 565 m 
potential in the order of silver or platinum, are ’ ra é 
negative charge on the outer surface. The satisia surfac 
called passive. ; F ; re 
| an : = , ee tion of chemical valence forces plus the dipole laye! and w 
lhe property of passivity resides in certain films aw: rid i in ; 
: , account for diminished reactivity of the alloy, hetic 
on the surface, the nature of which depends on Ke iatD "The inner. 
‘ ; addition to a noble galvanic potential.? The imp all po 
properties of the base metal. According to one view- 2 a , « fin 
' iia : tant source of passivity, by this viewpoint, Is 4 An | 
point, the passive film on stainless steels is composed 1 there- 
. in the order of a monolayer in thickness, and, the the ve 
of metal oxides, predominantly chromic oxide, é Thicker oxide 
saint ‘ : fore, too thin to be seen and handled. Thicker ox Vol pe 
acting as a diffusion barrier layer between the metal : tin ol 
| 7 oo films which may form subsequent to formation vol pe 
and its environment and kept in repair by an oxidiz- ; ila oan 
' ’ Page” ; . the adsorbed film are considered to be of secondar 35°C jy 
ing environment. This film is supposedly thick ' ETS ce oad on 
es : ; importance in the passivation mechanism, and #! ubble 
enough to allow its isolation by chemical means <istance 
(1-3) lished. f ‘ weer . not necessary to the observed corrosion resistance surface 
0), accomplsnec or example Vy Immersin 9 an — : .  seheliy . 
P Wy o sat Va TP g It has been difficult to distinguish experim« ntally Surface 
the metal into iodine or bromine dissolved in methyl! heste 
* To a first approximation, the change of pot: ntial ~ 4 v 
' Manuscript received May 6, 1952. This paper was pre- the noble direction by such a dipole layer is give by ' x 7 ves 
pared for delivery before the Montreal Meeting, October expression 4rno, where np is the electric moment |)" unl Using | 
26 to 30, 1952. area of metal surface. loree ¢} 
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between these two viewpoints, especially since a 
thick oxide film under certain conditions may be 
present On @& stainless steel and, by circumstantial 
evidence, would seem to accompany its corrosion 
resistance, in the same sense as the thick oxide film 
on aluminum appears to accompany its corrosion 
resistance. One distinguishing experiment is possible, 
however, Which depends on the fact that an ad- 
sorbed film is appreciably thinner than a diffusion 
barrier oxide film and, hence, contains less oxygen. 
Therefore, a measure of the minimum amount of 
oxygen on the surface of a stainless steel necessary 
to make it corrosion resistant, and to impart to it a 
noble potential, may serve as a critical experiment. 
It is the results of this experiment that are described 
herewith. 
PROCEDURE 

The procedure consisted in pickling a stainless 
steel sheet out of contact with air to remove all 
films from the surface. The pickled sheet was then 
washed with nitrogen-saturated water, followed by 
contact with aerated water for a definite time. The 
drop in oxygen content of the water was a measure 
of the amount of gas taken up by the metal surface. 
The procedure is similar to that described previ- 
ously by Forrest, Roetheli, and Brown (7), with 
the refinement of an all-glass vessel to minimize 
contamination by air, and with greater emphasis 
on general quantitative features of the experiment. 
The “true” surface area of the stainless steel on 
which oxygen was taken up was also measured, 
since without this a calculation of film thickness 
cannot be made. 

Commercial 18-8 sheet, (0.045% C, 18.50% Cr, 
443% Ni) supplied by courtesy of Armco Steel 
Corporation, measuring 0.010 in. thick and 1744 
cm’ in area (both sides) was formed into a 3%- 
by 2!9-in.-diameter coil. This was placed inside a 
65 ml glass vessel. A glass cover with ground glass 
surface fitted over the bottom portion of the vessel 
and was held in place by a clamp (Fig. 1). A mag- 
hetic stirrer insured renewed contact of liquid with 
all portions of the alloy sheet. 

An acid pickle from a separatory funnel entered 
the vessel by way of inlet B. This consisted of 25 
vol per cent commercial concentrated HCl and 25 
vol per cent commercial concentrated H.SO, at 
30°C in contact with the alloy for 10 min. Hydrogen 
bubbles escaping from all portions of the metal 
surface indicated uniform attack and removal of 
surface films. The metal coil and glass vessel were 
then Washed with nitrogen-saturated water by filling 
the vessel successively 3 times through B, each time 
‘sing purified nitrogen supplied through inlet A to 

loree the water out through efflux E. The nitrogen- 
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saturated water was prepared by bubbling the gas 
through a large volume of distilled water for 5 hr 
or longer, using a sintered glass bubbler, and gave 
a negative Winkler test for oxygen. The nitrogen 
used for this purpose was purified by passing it over 
copper turnings at 400°C, the path of which was 3 
ft long. Distilled water of known oxygen content 
was then admitted to the cell through D (about 
30 sec for filling), and allowed to remain, with con- 
tinuous stirring, in contact with the stainless steel 
for a definite time. Finally, a sample of water was 
removed from the vessel and analyzed for oxygen by 
the standard Winkler method. 

Because a small amount of oxygen from the 
aerated water was lost to the nitrogen atmosphere 
above it during filling of the vessel, a blank correc- 
tion was necessary, obtained by following the pro- 
cedure described above for the empty vessel. The 


gos and water 
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Fic. 1. Glass vessel for measuring oxygen take-up by 
pickled 18-8 stainless steel. 


blank, averaged for 8 separate determinations, was 
0.12 + 0.04 ppm oxygen, and was independent of 
the length of time, ranging from 15 min to 25 hr, 
that the aerated water remained in the glass vessel. 
This value is 3.5 per cent of the maximum oxygen 
taken up by the pickled stainless steel surface after 
contact with aerated water and, hence, was not 
critical. 

Potential measurements were made by connecting 
the coil to a tungsten wire sealed in a glass stopper 
at the top of the vessel which, in turn, made con- 
nection to a vacuum-tube potentiometer. The second 
electrode was a miniature calomel cell immersed in 
the water above partially opened stopcock A. 


Effect of Varying Pickle and Washing Time 


There is always the possibility that nitrogen- 
saturated water may have carried some small amount 
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of dissolved oxygen, or the water itself may have 
reacted directly with the alloy to form an oxide. 
To check this, the pickled sheet and glass vessel 
were washed 3 times with nitrogen-saturated water 
as usual, and compared with a run employing 6 
washes, and with runs when nitrogen-saturated 
water remained in contact with the metal as long as 
| hr. Also, the time of pickle was varied from the 
usual 10 min to double this time to insure that the 
surface was free of films. Differences in oxygen 


TABLE IL. Effect of variation in pickling and washing time, 
and phosphorus addition to pickle, on oxygen take-up 
of 18-8. HCI-HeSO, pickle, 15-min contact with 
aerated water 


Washing 


Pickling time Wastes O» Take-up 











time : 
min ~~ pe /cm? 
10 3 5 0.69 (normal proced 
20 3 5 0.68 
A) ] 5 0 io 
10 3 15 0.65 
10 ] 15 0.64 
10 6 10 0.60 
10 3 60 0.70 
10, P addition 3 5 0.71 
10, P addition 3 5 0.65 
g 1.2 2) = 
o 
. ©) 
E 
S HCL - H,SO, PICKLE 2 
< g it 
= 
Zz 
4 
z 
> Y 
- / HN 5 HF P KLE 
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TIME (HOURS) 


Fic. 2. Oxygen take-up by pickled 18-8 stainless steel 


after various times of exposure to aerated water. 


take-up were largely within the experimental error, 
as shown by data of Table I. The low value for 6 
washes may be evidence of some residual oxygen in 
the water, indicating that oxygen take-up values, if 


anything, are slightly low. 


RESULTS 


Data showing take-up of oxygen by the pickled 
18-8 stainless steel are plotted in Fig. 2. Oxygen is 
consumed rapidly the first few minutes of contact 
with aerated water, then more slowly for about 6 
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hr. After this, no further change occurs withi:, the 
limit of reproducibility for the longest period of 
exposure equal to 48 hr. The maximum consumption 
is equal to 1.1 + 0.1 wg oxygen/em? of apparent 
metal surface. The true surface of stainless steel js 
appreciably greater than the apparent surface, as 
discussed later, and, hence, the variation of the 
true surface with each pickling operation probably 
accounts for the observed scattering of data over 
long periods of exposure. For shorter periods, and 
before the surface takes up maximum oxygen, the 
effect of true area is less important and in this 
region, therefore, the data scatter less. 

Data are included in Table I for addition to the 
pickle of yellow phosphorus dissolved in CS.. This 
pickle before use was filtered through a sintered 
glass funnel to remove any particles of phosphorus 
The phosphorus addition markedly increases ab- 
sorption of hydrogen by iron and alloys of iron during 
pickling (8, 9) and, hence, is expected to increas 
hydrogen absorption by 18-8.2 Any hydrogen so 
absorbed would increase oxygen consumption be- 
cause of its reaction with dissolved oxygen to form 
water. However, using this pickle did not increase 
oxygen consumption, so that presumably, very little 
hydrogen was absorbed by the alloy in a 10-min 
pickle. 

The pickle was next replaced by one in which 
hydrogen is apparently not a reaction product and, 
hence, no hydrogen is expected to enter the stainless 
steel lattice during the pickling operation. This 
pickle was 15 vol per cent HNOs, 10 vol per cent 
HF, based on the commercial concentrated acids 
used at 90°C for 10 min. Oxygen consumption was 
now much less than in the case of the HCI-H,S80, 
pickle. Data are included in Fig. 2 showing that 
Maximum oxygen consumption amounts to abou! 
0.33 ug/cm? of apparent surface. The lower oxyge' 
consumption, however, was not due to less hydro- 
gen absorbed by the alloy, as further investigatio! 
proved. 

Forrest, Roetheli, and Brown (7) reported thal 
maximum consumption of oxygen by an 18-8 stat 
less steel occurred within 3 min of pickling, instead 
of 6 hr as found here. The cause for this difference !s 
not clear. It is possible that their use of a hot wate! 
wash to remove hydrogen from the pickled allo) 
allowed a more rapid access of oxygen to the mets! 
surface, although this seems improbable. The di! 
ference is not a function of dissolved oxygen contel! 
of the water, because a single run using oxyge! 
saturated water gave an oxygen take-up, corrected 
by an appropriate blank, of 0.86 wg/cm? for 20-mi! 

? Less so than in the case of iron, because the rate 
diffusion of H, into the face-centered cubic 18-8 ! tice - 
much less than into the body-centered cubic iron \ttce 
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exposure, compared with the interpolated value of 
0.71 ug/em® for air-saturated water (Fig. 2), both 
values being less than the maximum oxygen that 
can exist on the surface. Significantly, potential 
measurements of the pickled coil during exposure 
to aerated water showed a slow, rather than a rapid 
trend toward a passive noble potential, the maxi- 
mum occurring at about 3 hr after pickling. Previ- 
ous potential measurements by one of us also showed 
that maximum passivity of pickled 18-8 exposed to 
aerated water required several hours (10). The rate 
of consumption of oxygen, therefore, illustrated by 
Fig. 2, is approximately in line with potential-time 
measurements. 


True Surface Area of Pickled 18-8 


In order to convert oxygen consumption in wg /em? 
to thickness of an oxygen or oxide film, it is necessary 
to know the true surface area of the pickled stainless 
steel. Measurements of this kind were obtained by 
Q’Connor of this laboratory using the Brunauer- 
Emmett-Teller method (11-13). Ethane was ad- 
sorbed on 40.5 em? of 18-8 cut from the same sheet 
as used in the above experiments and _ pickled 
identically. The adsorption isotherm was obtained 
at liquid oxygen temperatures (— 183°C). Helium, 
alter passing through a charcoal trap at — 196°C, 
was used to calibrate the volume of the adsorption 
system. The area of the ethane molecule was taken 
as 21.5 A® derived from x-ray data. This is in good 
agreement with a separate calibration made in this 
laboratory using glass beads of known diameter, 
lor which the roughness factor is assumed to be 
unity. It is apparent from results given in Table 
ll that the true surface area of stainless steel pickled 
with HNO;-HF is only 1g that of 18-8 pickled with 
HCI-HSO,. 

Additional experiments showed that a pickling 
time of 20 min decreased the true area of the stain- 
less sheet by 3 per cent compared with a 10-min 
pickle, and a 50-min pickle decreased the total area 
4.0 per cent. The same sheet of stainless steel could 
be used, therefore, for several runs without large 
change in the true surface area. 


Thickness of Oxygen Layer or Oxide Layer on 18-8 


From the true surface area, the thickness of an 
adsorbed oxygen or of an oxide layer on the alloy 
surface equivalent to the measured oxygen take-up 
Was calculated. Calculations assumed a chemisorbed 
‘lose-packed oxygen atom layer of covalent atomic 


radius 0.7 A, with the area per atom equal to 


diam*) \/3/2. The oxide composition, on the other 
hand, as assumed to be CreO; with density 5.2. 
The results are given in Table III. 

Whatever the assumed composition of the oxide, 
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this has only minor effect on the calculated thick- 
ness. The gas film is reported as atom layers, be- 
cause of the fact that oxygen on tungsten appears to 
adsorb atomically (14), and the affinities of tungsten 
and chromium for oxygen are similar (heat of for- 
mation for WO; = 196 Cal/mol; for CrO,; = 140 
Cal/mol). On this basis, the calculated second 
layer of atoms over the first is not entirely complete 
or, alternatively, the atoms in pairs can be assumed 
to have greater than close-packed atomic spacing. 
The structure can also be considered to be a close- 
packed atomic layer over which molecular oxygen 
is adsorbed. If molecular oxygen is assumed to have 
a radius of 1.2 A, and atomic oxygen 0.7 A, both in 
close-packed layers, the weight of total oxygen/cm? 


TABLE II. True surface area of pickled 18-8 stainless steel 


sheet 
Pickle Roughness factor 
(true area/apparent area) 
HCI1-HeSO,, 35°C, 10 min $.10 
HCI-H:SO,, “ 0 3.90 
HNO,-HF, 90°C, 10 min 1.21 


TABLE III. Thickness of oxygen or oxide films on 18-8 


stainless steel 


Oxygen take-up Equiv. thickness of 


Rough- — 
Pickle ness 
factor Appa True Close-packed wee 
surface SUtface oxygen layer CreOs 
HCI-H.S0, $0 1.1 | 0.27 18atom 17A 
layers 
(or 1 
atom 
layer + 
1 mole- 
cule 
laver) 
HNO,-HF 1.2 0.33 0.27 18atom 17A 
lavers 


corresponds exactly to the observed 0.27 micro- 
gram/em*. This structure, therefore, is in good 
agreement with the facts, in addition to being a 
plausible structure based on present knowledge of 
chemisorbed and physically adsorbed gas films. 

It is of interest to note that the amount of oxygen 
adsorbed from the gas phase by iron is very close to 
that reported here for 18-8. Values obtained from 
ras adsorption determinations by several investi- 
gators (15-17) are within the range 0.2-04 ug 
oxygen /cm* of apparent surface, including measure- 
ments using the microbalance (18). These measure- 
ments are largely for hydrogen-reduced iron surfaces 
for which the apparent surface and the so-called 
true surface are not greatly different. Another 
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similarity is found in the rapid initial adsorption of 
oxygen by both iron and 18-8 followed by a slower 
rate of oxygen consumption. The slow rate is a 
logarithmic function of time for iron (16) and ap- 
pears also logarithmic for 18-8. Data of Fig. 2 
transferred to a semilogarithmic plot in Fig. 3 follow 
the equation: 


ug Oo/em* = 0.188 log ( + ) 
T 


where r is equal to 0.19 sec. This equation indicates 
that half the total oxygen adsorbed by 18-8 (0.55 
ug/em*) occurs within about 2.7 min, which is in 
qualitative agreement with our observation that a 
large fraction of gas is adsorbed before measure- 
ments are possible. 

The logarithmic relation is sometimes interpreted 
as evidence of oxide growth in accord with the 
similar equation expressing oxidation of several 
metals at elevated temperatures. However, the 











Time ” es 


Fig. 3. Oxygen take-up by HCI-H.SQ, pickled 18-8 vs. 
time of exposure to aerated water. 


logarithmic relation may also apply to rate of 
chemisorption, where the first layer of gas molecules 
is rapidly adsorbed physically, followed by slow 
conversion to dissociated atoms which are chemi- 
sorbed. As chemisorption proceeds, more gas, less 
tightly bound than the first layer, is adsorbed at a 
rate dependent upon the rate of chemisorption. 


Discussion oF Data 


It appears that most of the hydrogen from the 
HCI-H.SO, pickle is washed off the 18-8 surface by 
the nitrogen-saturated water, since the HNO,-HF 
pickled surface consumes as much oxygen per true 
unit area as does the HCI-H.SO, pickled surface. 
The fact that phosphorus added to the HCI-H,SO, 
pickle gave about the same consumption of oxygen 
per unit area of metal surface is further evidence 
along these lines. Had considerable adsorbed hydro- 
gen been present and later oxidized, this might, 
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presumably, have given rise to small quantities of 
H,O, in the aerated water. A check was made for 
hydrogen peroxide after contact of pickled 18-8 
with aerated water for 1, 2, 4, 6, and 15 min using 
the yellow color reaction occurring with TiOSo, 
in dilute H,SO,. Although a very faint yellow first 
appeared and then quickly faded, comparative 
tests showed that any hydrogen peroxide must 
have been present in quantity less than 0.3 yg /ml 
and, hence, was insignificant. 

The amount of oxygen in the order of 0.27 yg /em' 
of true surface, as reported herewith, is adequate to 
impart full passivity to 18-8. This was proved by 
potential measurements of the 18-8 coil and absence 
of visible rusting. The potential after 23 hr exposure 
was 0.15 volt more noble than the saturated calomel! 
half cell. On the other hand, 5 min after exposure to 
aerated water, the coil was more active in potential 
than the saturated calomel half cell by 0.03 volt. 
Potentials of similar 18-8 specimens immediately 
after pickling in HCI-H.SO, and washing indicated 
a value 0.5 to 0.6 volt more active than the calome! 
half cell, leaving no doubt that passivity is destroyed 
by the acid. The potential of 18-8 is similarly shifted 
in the active direction several tenths volt by the 
HNO,-HF pickle, and again becomes noble as oxygen 
is taken up by the surface. 

The potential data removed the possibility that a 
major passive film could have been built up during 
the nitrogen-saturated water wash by direct reac- 
tion of the metal with water to form oxide plus 
hydrogen. Had such an oxide formed, a noble po- 
tential might have been expected after the water 
wash instead of an active potential. 

Since the alloy is fully passive after a few hours’ 
exposure to aerated water, the small amount ol 
oxygen on the surface, even after 48 hr, is consisten! 
with a thin so-called passive film, in accord with 
ideas expressed by previous investigators. The maxi- 
mum thickness of a supposed oxide film is about 
half that of the thinnest film (30 A) isolated by 
Vernon et al. for polished 18-8. It should be noted 
in this connection, however, that it is not at all 
certain that isolated oxide films have any relation 
to those of concern here, because the oxide films 
were obtained from polished specimens, whereas 
our specimens were pickled. Polishing and abrading 
operations produce high local temperatures some- 
times reaching the melting point of the meta! (19) 
and, hence, can easily produce an oxide where none 
existed before. In this connection, it is pertinen! 
that, so far, an oxide film has not with certainty 
been isolated from a pickled 18-8 surface, where 
the techniques employed have clearly \ vided 
formation of oxides by the stripping solution self. 
Vernon et al. (2) showed that the halogen © thy! 
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alcohol solution must be free of water and oxygen. 
Fontana presented similar evidence (20). 

it seems reasonable to conclude that if an oxide 
film is present on pickled 18-8, it is extremely thin 
and not more than a few molecules thick. There is 
some question how thin a film can be and still act 
asa reliable diffusion barrier of the kind that matches 
the observed corrosion resistance of the stainless 
steels. On the other hand, the measured oxygen on 
an 18-8 surface, treated as an adsorbed film, is in 
the order of a monolayer. Therefore, the present 
data can be interpreted as being consistent with 
the adsorbed film theory of passivity, where the 
primary passive film is made up of a monolayer of 
oxygen atoms over which a layer of molecular oxygen 
is adsorbed. A structure of this kind is in quanti- 
tative agreement with the measured amount of 
oxygen on the surface whether the steel is pickled 
in HCI-H,SO, or in HNO,-HF and, hence, is prob- 
ably true generally. 

If this conclusion is valid, it indicates that the 
mechanism of passivity in stainless steels by oxygen 
is no different than that by carbon monoxide, where 
the adsorption theory heretofore (21) has been the 
only reasonable explanation for the passivity of 18-8 
in hydrochloric acid saturated with this gas. It also 
indicates that the thin or thick oxide films, some- 
times observed on stainless steels, are produced by 
reaction of the adsorbed oxygen film with the metal, 
stimulated by polishing and abrading, by presence 
of halogen ions and water, or by high temperatures. 
These oxide films, however, are of secondary im- 
portance in accounting for passivity, as measured 
by corrosion resistance or by a noble potential. 
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Distribution of Conductivity within Dielectric Films 


on Aluminum’ 


J. E. Linitenretp AND CHARLES MILLER 


Power Condsener and Electronics Corporation Laboratory, Washington, D. C 


ABSTRACT 


The characteristics of the dielectric film itself are substantially linear to alternating 


current within the limits listed. Since these characteristics are linear, the electrolytic 


capacitor appears equivalent to the characteristic of: (a) the conventional model of an 


electrolytic condenser film consisting of a capacity, which is determined by formation 


voltage, together with a high “‘leakage’ 


resistance in parallel with that capacity; and 


(6) another capacity which is not so determined, with a relatively lower resistance in 


parallel, and in series with the conventional model indicated in (a). 
It is concluded that conductivity within the film is not homogeneously distributed 


through it; assumption of an interface stratum is needed to render an adequate elec- 


trodynamie picture justifiable by a physicochemical concept. 


INTRODUCTION 


The purpose of this communication is to present 
an outline of some studies made to determine the 
electrical performance of the condenser film on 
anodized aluminum, (a) by constructing a model 
circuit which would reproduce the electrical charac- 
teristics of the actual electrolytic condenser; and (b) 
by drawing a correlation between the physical com- 
ponents of the condenser and the electrical elements 
of the model circuit. Regarding the first point, it 
should be noted that the simple model of a resistance 
in series with a parallel resistance-capacity combina- 
tion is still being used (1), but more elaborate models 
have been presented in various publications over 
the last 15 years (2, 3). 


GENERAL EXPERIMENTAL PROCEDURE 


In order to have a well-defined electric field be- 
tween anode and cathode of the electrolytic con- 
denser, the construction of Fig. 1 was used. The 
specimen consists of a thin filmed aluminum anode 
3 in. x 4 in. inserted between two interconnected 
nonfilmed cathodes held '4 in. apart. Separators 
were used to keep the anode centered without hin- 
dering the passage of current. Each such assembly 
was put in a sealed Pyrex jar containing the electro- 
lyte made up of boric acid and borates. 

In every case referred to here the rule was fol- 
lowed that at all times the anode be kept at a posi- 
tive potential with respect to the electrolyte. This 
condition is met by biasing the anode as in the 
circuit (4) of Fig. 2, which is made symmetrical 
either by using two identical electrolytic condensers 

' Manuscript received June 24, 1952. This paper was 


prepared for delivery before the Philadelphia Meeting, 
May 4 to 8, 1952. 


or by combining the electrolytic condenser with 
a paper oil condenser decade adjusted to give equa! 
a-c voltages across the decade and the electrolyti 
condenser. Nearly all films studied were formed to 
180 v DC and operated as in Fig. 3 on 55 volts RMS 
AC with a 90-volt d-c bias, corresponding to the 
operation of a complete condenser on 110 v AC. 

The d-c leakage current on our test condenser was 
usually of the order of 50-300 wa.* This current was 
measured on a microammeter inserted in the cente: 
branch, while the power dissipation was measured 
by a wattmeter, as shown in Fig. 3. To confine the 
alternating current to the outside branches, a re- 
sistor of 3000 ohms was inserted in the center branch 
with the effect that a 1 per cent unbalance in the 
impedances of the condensers allows less than 0.! 
per cent of the alternating current to flow in the 
center branch, while lowering the effective bias 
voltage less than 1.5 v. The “excess’’ bias of more 
than 5 v fulfills the indicated condition that th 
anode be kept positive with respect to the electro- 
lyte. Since the leakage current depends, among othe! 
things, on small local imperfections in the filmed 
anode, it may only with due caution be considered 
significant in discussing the basic nature of the film 

The purposes of the present investigation called 
for the knowledge of the performance of the con 
denser as a function of frequency, as part of its 
experimental foundation. Observations were madé 
within the range from 20-10,000 eps.* The test 

? Much smaller leaks are obtainable in other types - 
electrolytic condensers which, however, are less suitab' 
for the present experiments. 


? Measurements of this kind are to be found in » pape! 
by C. Wachenhusen (3). Although Wachenhusen '* po!" 


of view was different from ours, some of his observation 
make it highly probable that the conclusions reache ! by 
used 


would hold true over the extended frequency range 
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equi sment included an audio oscillator, audio 
amp ifier, a-c bridge, and a cathode ray oscilloscope 
hig) gain detector. The bridge was a General Radio 
740-13, modified to be operated with an external 
generator and detector. The amplifier driving the 
bridge was a single-ended push-pull amplifier similar 
to that designed by Petersen (5). This in turn was 


fed from an audio oscillator built in our laboratory 
and calibrated against the 60-cycle line frequency 
by the Lissajou figure method. The condenser to be 
tested was thus operated with a ripple voltage of 
about 3 v RMS. When the condenser is thus oper- 
ated at 60 eps the bridge measurements check the 
wattmeter measurements of Fig. 3. For all frequen- 
cies other than 60 eps the bridge measurements 
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Fic. 1. Construction of typical condenser 
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Fic. 2. Test circuit 








were used exclusively, because operation as shown 
in Fig. 3 was not feasible at the higher frequencies. 


UBSERVATIONS AS FUNCTION OF FREQUENCY 


\ typical set of measurements is shown in the 
plot of Fig. 4. In every case, the bridge unbalance 
vas less than 0.7 per cent residual harmonics. Most 
of the harmonies were undoubtedly caused by 
implifier mismatch, particularly at the higher fre- 
(uencies. Therefore, we may consider the loss due to 
dielect rie hysteresis as negligible and thus the 
“eetroivtie condenser may be represented as a 
combination of linear cireuit elements.‘ These con- 
clusions are corroborated by observations of a 


< 


differet kind presented below. 
lr} tatement is to define the relation between voltage 
nd nt, in each individual element, as linear. 


CONDUCTIVITY WITHIN DIELECTRIC FILMS 





Electrolyte Resistance Independent of Frequency 


The equivalent series resistance and capacity of a 
typical electrolytic condenser were measured as 
functions of frequency. The results are shown in 
Fig. 5. The effective series resistance is seen to be 
asymptotic to a value R, (resistance of the electro- 
lyte) at high frequencies. To determine the nature 
of R, two tests were made. First, a geometrical 
substitute of the electrolytic condenser cell was 
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Fig. 4. Per cent bridge unbalance vs. frequency 
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Fic. 5. Measurements on condenser * 161 


made, in which the filmed aluminum anode was re- 
placed by a geometrically identical silver foil. When 


this cell is operated with the same electrolyte as the 


condenser, the effective series resistance vs. fre- 
quency is observed as seen in Fig. 6. The second 
set of tests was made on an electrolytic condenser 
starting in pure boric acid; and then adding sodium 
borate in stages. After each such addition, the con- 
denser was operated for 24 hours to insure uniform 
concentration in the electrolyte. The specific re- 
sistance of the electrolyte was then determined by 
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a bridge measurement between platinum electrodes 
of a dip cell, while R, was determined by the high 
frequency method. When the corresponding sets 
of these two values are plotted against each other 
the straight line of Fig. 7 results. Consequently, 
the value 2, represents within the limits of measure- 
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Fic. 6. Resistance of silver duplicate sandwich vs. fre- 
quency. Electrolyte resistance vs. frequency-silver anode 
sandwich copper end plates. Electrolyte tested 43 K in 
L. & N. conductivity cell. 
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Fic. 7. Resistance of condenser specimen as determined 
by bridge at 10,000 eps vs. the specific electrolyte resistance 
as determined by conductivity cell. The function was ob- 
tained by varying the concentration of the electrolyte. 
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Fic. 8. Equivalent circuit diagram 


ment the effective series component of resistance 
due to the condenser electrolyte, and as such R, 
ought to be independent of frequency. This is con- 
firmed by our observations inasmuch as the straight 
line of Fig. 7 passes through the origin. Obviously 
if R,. depended on frequency then the graph would 


intersect the axis of abscissae at some positive \ lye 
R, — n. Conversely, inasmuch as the electrolyte 
resistance is known to be frequency independent, a 
finite value n would correspond to dielectric |osses 
in the film, and the fact that n = 0 does not contra- 
dict an earlier conclusion that the dielectric loss jn 
the film is negligible. 


Equivalent Circuit of Electrolytic Condenser 


The preceding observations may be correlated by 
means of the equivalent circuit of Fig. 8, which will 
reproduce the electrical characteristic of the electro- 
lytic condenser. It is not the only possible model, 
but it is the simplest one accounting for the measure- 
ments shown in Fig. 5. This may be seen by consid- 
ering the behavior of the circuit of Fig. 11 at the 
frequency extremes; as the frequency approaches 
zero, the current path will be through C, R, and R, 
giving limiting values of C and R, + R, as the 
capacity and resistance values measured on the 
bridge; and correspondingly, at high frequencies, 
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Fic. 9. C, and R, vs. frequency for condenser #161 


the current path will be through R,, C,, and (, 
giving respectively R, and C, C/C, + C as the 
limiting values. 

Considering the circuit of Fig. 8 and postponing 
the consideration of a possible correlation betwee! 
this circuit and the physical condenser, we can 
calculate these values from the above presented 
actual bridge measurements in which the electro- 
lytic condenser as a unit is balanced at various fre- 
quencies against a resistance in series with a capac- 
ity. From these quantities can be calculated the 
elements C, C,, and R, of Fig. 8. The problem, how- 
ever, is indeterminate unless one of the elements 
C, C., or R, is postulated as being independent o! 
frequency. We choose C as such an element. 

The resultant value of C, and R, for a typical 
condenser are plotted in Fig. 9. The physical justi 
cation of the assumption that C is frequency | 
dependent is based on the observation that leakage 
current and dielectric hysteresis losses are neg!igible 
for the entire electrolytic condenser. Thus the phys 
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cal counterpart of C contains a dielectric free of 
such losses (compare above), and as such is not 
likely to be frequency dependent. 


Physicochemical Interpretation 


Now it is possible to propose a hypothetical 
picture of the physical counterparts of the elements 
composing the circuit of Fig. 8. The quantities 
measured are not due to polarization effects, as such 
polarization capacities are relatively enormous com- 
pared to those due to the anodized film. Thus the 
film may be thought of as consisting of two strata. 
The first stratum, best thought of as adjacent to the 
metal surface, contains a good dielectric relatively 
free of conductivity and dielectric hysteresis losses. 
The second stratum consists of a compound with 
a rather high conductivity and it is best thought of 
as superimposed on the first stratum. It is referred 
to hereafter as the “interface stratum.” 

This picture would be more appealing if it could 
be shown that the first, good, dielectric stratum 
grows in proportion to the peak formation voltage, 
while the second stratum is not determined by that 
voltage. Conclusive observations to this effect are 
not available yet except that comparative tests on 
films formed to 180 v and 360 v make this probable. 


OBSERVATIONS AS FUNCTION OF FORMATION 
VOLTAGE 


In this connection, reference can be made to 
plots like those shown by Deely (6) of formation 
voltage vs. elastance, which is the reciprocal of 
capacity, (in Deely’s case in.*/mfd vs. formation 
voltage). Such plots were made with one of our 
specimen condensers. The formation voltage was 
varied in steps, and in each step formation was 
carried to completion. Then the effective capacity 
was measured at 60 cps with the bridge setup men- 
tioned before. The plot is shown in Fig. 10. With the 
conventional model of the electrolytic condenser, 
this plot would consist of a straight line through the 
origin. However, from both our plot and that of 
Deely, there is* a finite value of capacity at zero 
voltage, of the order of magnitude of 50 uf. An ob- 
vious interpretation is that the film consists of two 
‘trata; one, of the first kind, determined by the 
lormation voltage; and the other one, of the second 
kind, not so determined. The graph of Fig. 10 does 
hot, however, produce any evidence for the hypo- 
thetical interface stratum to be part or all of the 
‘tratum of the second kind. In order to ascertain 


* This 


is estimated by extending the rectilinear part of 
the plot 


‘o its intersection with the / axis. A precise de- 
on of the point of intersection presents serious 
“perimental difficulties. 


termina 
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this, it has been shown that the interface phe- 
nomenon can be produced on a nonanodized surface. 

This simple experiment was performed by using 
one of the specimen condenser cells in which, how- 
ever, the aluminum foil was neither preformed on 
d-c nor at any other time positively biased with 
respect to the electrolyte. In series with this cell 
was connected a 6 uf paper-oil condenser. Then the 
usual measurements were taken within the full 
range of frequencies. The plot of Fig. 11 reproduces 
measurements which appear typically the same as 
in Fig. 5. The “interface” capacity at 200 eps in 
Fig. 11 is 37 wf, while in Fig. 5 it is 40 uf. Thus the 
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Fic. 11. Impedance of nonformed aluminum anode in 
series with 6-uf oil condenser. 


hypothetical interface stratum may be regarded as 
the “stratum of the second kind.’” 

The latter experiment not only corroborates our 
interface hypothesis but also, by substituting a 
paper-oil condenser in place of the dielectric C of 
the film, it supports the previous assumption that 
the physical counterpart of C exhibits a capacity 
substantially independent of frequency. 

<xperiments of the latter kind are scheduled to 
be extended more widely over a variety of conditions 


* Strictly speaking the question remains open as to 
whether or not the interface stratum is all or part of the 
stratum of the ‘“‘second kind.’”’ The answer to this question 
can, of course, be found by experiment, for instance, by a 
more elaborate determination of such graphs as Fig. 10. 
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and we expect that they will contribute substantially 
to our knowledge of anodized films. 


SUMMARY 


1. It is concluded, on the basis of experimental 
observations, that an electrodynamic model of the 
film is feasible containing a finite number of linear 
elements. 

2. The simplest such model to reproduce the ob- 
served frequency dependent characteristic 1s pro- 
posed (Fig. 11) and it is shown that one of the ele- 
mentary capacities,—the main capacity C—does 
not depend appreciably on frequency. 

3. A correlation is established between the ele- 
ments of the model and the here-proposed structure 
of the film: the film to consist of two strata, one of 
a good diele¢tric, capacity C; and the other one of 
a poor dielectric, capacity C,, in parallel with a rela- 
tively small resistance R,, and with a correspond- 


ingly high power loss. 


!. It is shown that (C,, R, are functions of fre- 


quency, but are not determined by peak form. tion 
voltage. Indeed they may be reproduced on a jop. 
anodized surface, substituting for stratum (' , 
paper-oil condenser. 

5. While the above, No. | to 4, refer to relaiions 
observed with frequency as variable, the conclusions 
arrived .at are corroborated by measurements, at 4 
constant frequency, of the specific capacity of the 
film while varying the peak formation voltage 


Any discussion of this paper will appear in a Discussio; 
Section, to be published in the December 1953 issue of th, 
JOURNAL. 
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Electrodeposition of Copper from the 
Monoethanolamine Bath’ 


T. L. Rama Cuar Anp N. B. SHIVARAMAN? 


Electrochemistry Laboratory, Indian Institute of Science, Bangalore, India 


ABSTRACT 


Copper has been electrodeposited on steel by using a complex copper-monoethanol- 
amine solution. This does not deposit copper on steel by immersion. The deposits are 
smooth, fine grained, bright, and adherent, and the bath is comparable to the cyanide 
bath. The inclusion of rochelle salt considerably improves its performance. The opti- 
mum conditions are: copper oxalate 60 g/l, monoethanolamine 60 ml/I, rochelle salt 
60 g/l, 2.4-4.8 amp/dm? (22.3-44.6 amp/ft?), pH 9.5, and 24°C. The addition of nitrates 


has some beneficial effect. 


INTRODUCTION 


Some attempts have been made to evolve a sub- 
stitute for the commercial cyanide bath used in the 
electrodeposition of copper in view of its poisonous 
nature, instability, and low current efficiencies. 
Work has been done on solutions like thiosulfate, 
odide, thiocyanate, amine, oxalate, tartrate, sulfam- 
mate, pyrophosphate, thiourea, fluoborate. 

The electrodeposition of copper from complex 
wlutions containing mono-, di-, and triethanolamines 
has been studied by Brockman and coworkers (1, 2, 
3), Schweig (4), and Levin (5). The present investi- 
gation formed part of the general program on the 
electrodeposition of metals and alloys from cyanide- 
iree baths. In a previous communication from this 
aboratory (6), it has been shown that the silver 
odide bath gives satisfactory deposits of silver. The 
electrodeposition of copper and brass from the eth- 
nolamine baths has been briefly reported in pre- 
iminary notes by Rama Char and coworkers (7-9). 
This paper describes in detail the work on the depo- 
‘ition of copper from monoethanolamine solutions. 
Klectrodeposition from di- and _ triethanolamine 
haths will be reported in subsequent papers. 

Tue PLatine Batu 

When 1 ml of monoethanolamine was added to 
'g ol copper oxalate suspended in water, a clear 
due solution was obtained indicating the formation 

' a complex. The salt:amine ratio remained the 
‘ume at all concentrations. The concentration of 

M 
pared fo 


oto 30 


iseript received April 10, 1952. This paper was pre- 
delivery before the Montreal Meeting, October 
952. This paper is based on part of the thesis sub- 
N. B. Shivaraman for the Associateship of the 
Indian Institute of Science in partial fulfillment of the re 
lrements for the Diploma of the Indian Institute of Sci- 
hemical Engineering. 


me t address: Tata Chemicals Ltd., Mithapur, 
ndia 


nitted | 


ence iy 


te 


copper oxalate in the bath was in the range 15-120 
g/l (6-48 g/| of copper). These solutions are simpler 
than those attempted before. 


EXPERIMENTAL 


The monoethanolamine (technical) and copper 
oxalate were of the British Drug House make. The 
other chemicals were made by British Drug House 
or Merek. The amine had a specific gravity of 1.019 
at 24°C. It had a strong smell of ammonia and its 
pH was 13.75. It distilled off completely at 170°C. 

The cathodes were cut from a mild steel sheet of 
135 in. (0.08 em) thickness. Each cathode was 1 in. x 
3 in. (2.5 em x 7.5 em) and submerged to a depth of 
2 in. (5 em) in the bath, the submerged electrode 
surface area being 4 in.? (25 em’). Two Canning’s 
rolled copper anodes of the same dimensions as the 
cathode were used, at a distance of 0.75 in. (1.9 em) 
on either side of the cathode. 

Rust, scale, and other oxides were best removed 
by pickling the cathodes in hot (60°C) dilute hydro- 
chloric acid (1:1). The cathodes were dried after 
cleaning with water, and then rubbed with smooth 
emery. They were further cleaned by cathodic treat- 
ment for about 1 min in a hot alkaline bath contain- 
ing: trisodium phosphate 100 g/l, sodium carbonate 
80 g/l, and sodium hydroxide 20 g/l, at 6 amp,/dm? 
and 6-8 volts. The cathodes were finally rinsed in 
water and alcohol, dried, and kept in a desiccator 
for use. 

The experiments were carried out in 100 ml beak- 
ers. The plating time was 2.5 min and the tempera- 
ture 24°C. The rest of the experimental procedure 
was the same as described before (6). 


EXPERIMENTAL RESULTS 


Copper Ion Concentration 


The copper (cupric) ion concentration in the plat- 
ing solutions was determined by the emf method 
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and was of the order of 10" to 10-"N.. The addition 
of 60 g/| rochelle salt decreased the metal ion con- 
centration of the bath 60 g/l copper oxalate, 60 ml/1 
amine from 1.99 K 10-™" to 3.16 * 10-"N, indi- 
cating that further complexes are formed. In the 
cuprocyanide bath the cuprous ion concentration is 
of the order of 10-*°N. The ethanolamine solutions 
did not deposit copper on steel by chemical dis- 
placement due to the low metal ion concentration. 


TABLE I 
pH: 9.15-9.20 


Bath Cathode 


Copper 


Amine C.D Appearance of 


— ml/l amp dm? — er a electrodeposit 
15 15 0.4 2.5 96 Bright 
0.6 3.8 93 | Bright 
30 30 0.8 8.1 96 Nonuniform 
1.2 5.2 100 Fairly bright 
1.6 6.7 93 Bright 
2.0 9.6 93 Partly burnt 
45 45 0.8 2.5 90 Nonuniform and 
dull 
1.6 5.3 93 Dull 
2.0 7.5 94 Fairly bright 
2.4 8.4 98 Partly burnt 
60 60 2.4 4.3 90 Dull 
3.2 5.5 95 Fairly bright 
4.0 6.9 91 Bright 
4.8 9.2 90 Bright 
75 75 2.4 4.5 95 Dull 
3.2 5.2 93 Fairly bright 
4.0 8.5 91 Bright 
4.8 10.2 90 Bright 
0 90 2.4 4.0 90 Dull 
3.2 4.8 9S Dull 
4.0 5.7 100 Fairly bright 
4.8 6.7 94 Fairly bright 
5.6 9.0 93 Bright 
fe 10.0 90 Burnt 
120 120 4 5.2 86 Dull 
6.4 7.2 90 ~=s- Fairly bright 
8.0 10.0 90 Bright 


Electrodeposition 


Variation of concentration.—Electroplating was 
carried out over a wide range of concentration and 
current density and the results obtained are given in 
Table I. 

The cathode efficiency ranged from 86 to 100 per 
cent and was 90 per cent and above in the bright 
C.D. range. The plating range for good deposits was 
from 0.4-8.0 amp/dm*. Increase in the concentra- 
tion of metal (complex) increased the limiting C.D. 
for bright deposits. But, at concentrations above 
90 g/l of copper oxalate the bath tended to crystal- 
lize out and the anode corrosion was not good at 
high C.D. In view of the dragout losses and the fact 
that a decrease in the metal ion concentration causes 
finer grained deposits, it was not advisable to raise 
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the copper concentration above 24 g/l. The optimum 
concentration was that of the bath containing cop. 
per oxalate 60 g/l and amine 60 ml/! (60:60). The 
bath voltage, ranging from 2.5-10.2 volts, was rather 
high as compared with the cyanide bath. The de. 
posits were treed at high C.D. The adherence of the 
electrodeposits to the base metal, as found from 
bending and breaking tests, was good. Addition of 
10, 30, and 60 ml/1 of excess amine to the optimum 
concentration bath did not improve the quality of 
the deposit. 

Rochelle salt bath.—It was found that the addition 
of rochelle salt as one of the constituents of the bath 
considerably improved its performance. Rochelle 
salt facilitated anode corrosion by preventing black. 
ening of the anodes at high C.D.; reduced the bath 
voltage and minimized the fluctuations in voltage 
and current; increased the C.D. range, conductivity, 
cathode polarization, and throwing power; and 
yielded better quality deposits by eliminating tree- 
ing and increasing the brightness. It also reduced 
the copper ion concentration. Table II gives the 
results with the rochelle salt bath. 

Even at high concentrations, copper oxalate 
120 g/l, amine 120 ml/l, rochelle salt 120 g| 
(120:120:120), the bath did not crystallize out at 
room temperature. The optimum concentration was 
60:60:60. The deposits were brighter than thos 
obtained from the rochelle salt-cyanide bath. There 
was no change in the bath perform. ~ ce on allowing 
the bath to age for a period of 4 months. It was 
possible to go up to 10.0 amp/dm*. 

Temperature.—Higher temperatures were not con- 
ducive to the good working of the bath with and 
without rochelle salt. 

Addition agents.—In order to see whether the 
rochelle salt-amine bath could be further improved, 
some inorganic salts were added to the optimum 
concentration bath 60:60:60. Ammonium, potas- 
sium, and sodium nitrates (5 g/l) increased the 
brightness of the deposits and raised the limiting 
C.D. from 4.8 to 6.0 amp/dm? but considerably 
decreased the cathode efficiency to 58-80 per cen! 
(2.4-6.0 amp/dm*). Ammonia (5—40 ml/1) eliminated 
the brittleness of the deposits but the bright C.D. 
range decreased and the anodes tended to blacker 
Ammonium sulfate, chloride, and carbonate (5-19 
g/l) decreased the C.D. range. The deposits were 
unsatisfactory with ammonium carbonate. Sodium 
chloride (5-15 g/l) decreased the C.D. range con- 
siderably and the anode corrosion was poor ® 
higher C.D. 

Conductivity, cathode polarization, and throwing 


power.—Table III gives the conductivity, cathode 
polarization (range), and throwing power 0! the 
bath, with and without additions. The polar! /atio" 
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values give a general idea of the variations but 
should not be considered as very accurate in view 
of the difficulties in reproducibility. The throwing 
power of the bath was fairly good. Satisfactory de- 


posits were obtained on the reverse side of the cath- - 


ode when only one anode was used and the plating 
solution threw well into the recesses of irregularly 


TABLE II 
pH: 9.4-9.7 


Rochelle C.D. Bath Cathode 


omlate | “ait | salt | amp/ | tension jeficiency | SePtredepoait 
30 30 30 0.58 2.2 100 Dull 
1.2 + ey 97 Bright 
1.6); 3.4 90 Bright 
2.0| 4.1 88 | Bright 
30 30 60 0.8 1.8 96 Dull 
1.2 2.6 97 Bright 
1.6| 2.6 92 | Edges rough 
60 60 30 2.4 3.2 96 Dull 
3.2) 4.0 93 | Bright 
4.0 4.6 90 Bright 
4.8; 5.0 88 | Bright 
60 60 60 1.6) 2.2 94 Dull 
2.4 2.9 4 Brighter 
3.2) 3.6 92 Brighter 
4.0 3.9 90 Brighter 
4.8) 4.3 90 Brighter 
5.6 4.6 87 Burnt 
60 60 120 1.6 2.2 92 Bright 
2.0; 2.4 91 Brighter 
3.2 | 3.0 90 Brighter 
4.0 | 3.6 90 Edges burnt 
4.8 4.0 87 Burnt 
OO) 90 90 1.6 1.9 90 Dull 
3.2 | 3.0 96 Bright 
4.0 | 3.6 100 Brighter 
7.2 4.4 86 Brighter 
8.0; 4.9 94 Bright 
10.0 6.5 90 Burnt 
9%) 90 180 1.6 1.6 95 Dull 
2.4 2.4 93 Brighter 
3.2) 2.6 90 Brighter 
4.0| 2.9 90 Brighter 
6.0; 3.8 89 Bright 
120 120 120 2.0 2.2 60 Dull 
3.2; 2.8 83 Bright 
4.0; 3.2 90 | ~Bright 
5.6 4.0 91 Bright 
7.2| 4.4 100 Bright 
8.0 4.8 100 Bright 
8.8 | 5.0 95 Bright 
10.0 5.3 92 | Bright 


shaped cathodes. The values given below were cal- 
culated according to the equation of Schlotter- 
Korpiun (10). 

An increase in the metal concentration increased 
the conduetivity and decreased the polarization and 
throwing power. Excess of amine decreased the 
polarization. Rochelle salt increased the conductiv- 


ity, cathode polarization, and throwing power. 
Addition of nitrates had little effect on the con- 
ductivity but in some cases slightly increased the 
polarization and throwing power at higher C.D. 
The cathode polarization at which burning occurred 
was of the order of 0.9 volt. 


TABLE III 
pH: 9.15-9.50 


Cathode 


g > throwing 
SEE 3% Additionsgents) Secon; | polarization | power at 
Ss s £= ’ mhos/cm!? | (C.D, 1.6-4.0 ees wt 
— E s % amp/dm? amp/cm 
30 30 - 0.0090 
60 | 60 - 0.0141 0.38-0.72 1.28 
60 120 - - 0. 26-0. 60 
90 | 90 - 0.0183 0.20-0.26 1.17 
60 60 30 0.0299 
60 60 45 0.0347 | (C. D. 1.64.8 

amp/dm?) 
60 60 60 0.0398 0.71-0.82 2.01 
60 60 75 0.0430 
60 60 60 > KNO,; 5 0.0394 0.26 —0.89 2.03 
60 60 60 NH,NO;5 0.0417 0.49-0.98 2.11 
60 60 60> NaNO; 5 0.0392 0.39-0.83 1.95 

TABLE IV 
Cyanide 


Ethanolamine 
Copper oxalate, 60 g¢/] 
Mono amine, 60 ml/1 
Rochelle salt, 60 g/l 


Copper cyanide, 40 g/! 
Sodium cyanide, 50 g/! 
Sodium carbonate, 30 g/l 
Rochelle salt, 60 g/1 


Composition 


pH 9.5 11.4 
Temp, °C. 24.0 60.0 
(Cu) g/l. 24.0 28.4 
(Copper ion) g 
ion/I. 3.16 X 10- (Cutt) | 2.29 «K 10-2 (Cut, 
Sp. conductivity, 
mhos/cm* 0.0398 0.0987 


Bright C. D. 

range amp 

dm? 2.4-4.8 2.0-2.5 
Cathode _ polar- 

ization, volts 

(0.8-5.6 amp/ 


dm*) 0.24—-0.82 0.65-1.11 
Bath voltage 

volts 2.9-4.3 0.9-4.0 
Cathode effi 

ciency, % 90-94 70-76 
Throwing power Fairly good Good 
Quality of de- 

posit Brighter Bright 


The throwing power was less than that of the 
cyanide bath where it is of the order of 4. In the 
amine bath, it can be improved to a value of 3 under 
certain conditions. It was also calculated from the 
equation of Gardam (11) by substituting, as an 
approximation, the interelectrode distance for ly in 
the eauation. At a C.D. of 2.0 K 10° amp/cm? 
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(where the cathode polarization—log C.D. relation- 
ship was roughly linear) the throwing power for the 
ethanolamine bath with and without additions was 
in the range 7-30 per cent, as against the normal 
value of 30-40 per cent for the cyanide bath. 

Comparison between ethanolamine and cyanide 
baths.—Table IV will give an idea of the relative 
performance of the rochelle salt-copper oxalate- 
monoethanolamine and rochelle salt-copper cyanide 
baths. The values for the cyanide bath were experi- 
mentally determined under the conditions recom- 
mended by Bakhvalov (12). 

The advantages of the amine bath over the 
cyanide are: (a) wider C.D. range; (b) higher cath- 
ode efficiency; (c) brighter deposits; (d) ability for 
good working at the room temperature; (¢) satis- 
factory performance without the use of special addi- 
tions; and (f) stability. On the other hand, the 
cyanide bath has a higher conductivity and cathode 
polarization, and superior throwing power. 

The rate of deposition of copper from the rochelle 
salt-amine bath was compared with that from the 
“low concentration” cyanide bath (13) and “high 
efficiency” cyanide bath without brightener (14), 
at a C.D. of 2.4 amp/dm*. It was in between the 
rates for the cyanide baths. 

DiscUSSION 

The electrodeposition of copper from the complex 
monoethanolamine bath yields smooth, fine-grained, 
and bright deposits on steel. There is no immersion 
deposition due to the low copper ion concentration. 
The high cathode efficiency, which is very near 100 
per cent, is a definite advantage. Brockman and 
Tebeau (3) used the plating composition: copper 
sulfate, sodium oxalate, and monoethanolamine at 
cathode efficiencies from 93-111 per cent and 
concluded that, so far as the throwing power is con- 
cerned, the monoethanolamine bath is the least 
suitable of the ethanolamine baths (mono-, di-, 
and tri-) for copper plating. In the present work the 
throwing power of the monoethanolamine bath has 
been found to be fairly good and of the same order 
as that of the di- and triethanolamine baths (15). 

The inclusion of rochelle salt in the amine bath im- 
proves its performance to a great extent and the ben- 
eficial effects are on the lines observed in the rochelle 
salt-copper cyanide bath (13). The action of this salt 
is probably due to its reducing nature and tendency 
to form further complexes. A decrease in the metal 
ion concentration on addition of rochelle salt is 
accompanied by the formation of brighter deposits. 
The addition of nitrates to the rochelle salt-amine 
bath increases the brightness and the C.D. range 
but reduces the cathode efficiency. This can be at- 





958 


tributed to the inhibiting action of the nitrat. joy 
(16, 17). It is preferentially reduced to amuonia 
before the hydrogen ion, preventing the formation 
of spongy deposits and enabling higher C.D. (o be 
used. The effect of the addition of other ions is of a 
specific character. Small variations in pH are not 
of much significance. 

Complex salt plating baths generally give fine- 
grained and bright deposits due to the low meta) 
ion concentration. The cathode polarization and 
throwing power in such solutions is high. In the 
ethanolamine bath the copper ion concentration js 
low and fine-grained; bright deposits are obtained. 
The cathode polarization is high. But the condue- 
tivity is lower, the cathode efficieney higher, and the 
throwing power less than that of the cyanide bath. 
The polarization is increased by the addition of 
rochelle salt and by some nitrates (to a little extent) 
which act as brighteners. It is likely that cathode 
polarization has some significance in the electro- 
deposition’ of copper from the ethanolamine baths 


SUMMARY 


& 1. The copper oxalate-monoethanolamine-rochelle 
salt bath gives smooth, fine-grained, and bright 
electrodeposits of copper directly on steel. The 
optimum conditions are: copper oxalate 60 ¢ |, 
monoethanolamine 60 ml/1l, rochelle salt 60 g |, 
C.D. 2.4-4.8 amp/dm*, pH 9.5, and temp 24°C 

2. The beneficial effects of rochelle salt are of the 
same nature as in the rochelle salt-copper cyanide 
bath. 

3. The advantages of the amine bath over the 
eyanide are: (a) higher cathode efficiency, (/ 
brighter deposits, (c) comparative stability, (d 
nonpoisonous nature. 

4. The bath is not suitable for plating at higher 
temperatures. Its conductivity and throwing power 
are lower than that of the cyanide bath. The bright 
C.D. range is of the same order. 

5. The addition of nitrates increases the brightness 
and the limiting C.D. but reduces the cathode 
efficiency for deposition. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1953 issue o! the 


JOURNAL. 
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ABSTRACT 


The optimum conditions for electroplating cadmium from its fluoborate solution 
have been arrived at by a systematic study of the effects of all types of variables on 
its plating characteristics. The best deposits of cadmium are obtained from a bath 
containing 210 g/l of cadium fluoborate, 25 g/l of sodium fluoborate, 25 g/l! of boric 
acid, and 1 g/l of sodium-beta-naphthalene sulfonate at a pH of 3.2-3.6 and tempera- 
tures of 20°-30°C, and at current densities of 2.2-6.5 amp/dm* (20-60 amp/ft*). The 
deposits which are obtained on steel, brass, or copper are uniform, bright, fine grained, 
adherent, and of pleasing appearance. The current efficiency of the process is 98-100 
per cent cathodic and 102-104 per cent anodic. The bath is nonpoisonous, stable, and 
easily controlled. The new bath is slightly inferior to the cadmium cyanide bath in 
the throwing power and resistivity, but vastly superior in all other respects. 


INTRODUCTION 


In commercial electroplating practice, cadmium 
is almost invariably plated from a complex cyanide 
bath containing sodium cadmicyanide, sodium 
cyanide, sodium hydroxide, and some inorganic 
addition agents (1). This bath has proved satis- 
factory from many points of view, but it is not a 
very efficient plating medium. Its current efficiency 
is only 85-90 per cent and its plating range is only 
1.6-3.2 amp/dm? (15-30 amp/ft*). The control of 
the bath is not easy as the anode produces a cad- 
mium sludge at very low current densities, and be- 
haves as an oxygen electrode at current densities of 
more than 2.2 amp/dm? (20 amp/ft*). The deposits 
obtained from this bath become brittle on certain 
occasions and have to be heated to a high tempera- 
ture before use (2). The cadmium fluoborate solution 
has two definite advantages as a plating medium; 
it is nonpoisonous and is very stable. If some other 
advantages like very high current efficiency and wide 
plating range which are claimed for some fluoborate 
solutions (3) are also realized, in this case it can 
replace the cyanide solution in the commercial field. 

In the present investigations, the effects of all 
types of variables on the plating characteristics of 
the cadmium fluoborate solutions have been studied 
to deduce the optimum conditions for electroplating 
cadmium from a fluoborate bath. As far as the 
authors are aware such a systematic study has not 
so far been attempted by workers in this field (3, 4). 


' Manuscript received April 10, 1952. This paper was 
prepared for delivery before the Montreal Meeting, Octo- 
ber 26 to 30, 1952. Part of a dissertation submitted by T. R. 
Anantharaman and accepted for the award of the degree 
of Master of Science by the University of Madras. 

* Present address: Trinity College, Oxford, England. 
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EXPERIMENTAL PROCEDURE 


After preliminary studies on the range of electro- 
lyte concentration and current density giving satis- 
factory deposits, a detailed study was undertaken 
of the influence separately of (a) electrolyte concen- 
tration; (b) hydrogen ion concentration; (c) tem- 
perature; and (d) agitation, on the following factors: 
1. nature of the deposit (brightness, texture, ad- 
herence, distribution, and treeing tendency); 2. 
anodic and cathodic efficiency; 3. limiting cathodic 
current density, i.e., the current density where the 
deposition of the metal practically ceases; 4. resistiv- 
ity; and 5. throwing power of the solution. 

The influence of some inorganic salts and a num- 
ber of selected addition agents on the plating char- 
acteristics of the solution was studied before arriving 
at the best conditions for plating the metal. 


Experimental Details 


The plating experiments were conducted on 4 
small scale in 200 ml beakers placed in a thermostat. 
Anodes of uniform size 7.62 em x 1.27 em x 0.32 em 
(3 in. x 4 in. x 1g in.) were employed together 
with standard rectifiers, rheostats, ammeters, volt- 
meters, etc., which generally make up a plating cir- 
cuit. Special wooden stands were made to suspend 
the electrodes freely and immerse them in the plating 
solutions to any desired mark. The immersed anode 
area was equal to the immersed cathode area and 
the interelectrode distance was exactly 2.54 ¢m 
(1.0 in.) in all the experiments. 


Plating Solutions 


Cadmium fluoborate solutions of varying concel- 
trations were prepared by the method utilized lor 
lead fluoborate solutions by Blum and collaborators 
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(5). A stock solution of fluoboric acid (approx. 5N) 
was prepared from powdered boric acid and concen- 
trated hydrofluoric acid (48-50%). The fluoborate 
solutions were made up whenever required by 
saturating this acid with cadmium carbonate pow- 


der, filtering through glass wool and diluting the. 


filtrate to the desired extent. Analytical reagents 
were employed to ensure the highest: purity in the 
plating solutions. The cadmium content of the solu- 
tions Was determined whenever necessary by the 
electrolytic method with the aid of the Fisher 
electroanalyzer. 


Electrodes 


The anodes were rolled cadmium specimens of 
very high purity and required no preparation before 
plating, save washing in water, rinsing, wiping, and 
drying. 

Cathodes of brass, copper, and steel were used in 
the preliminary investigations. It was found that 
equally good deposits are obtained on any of the 
cathodes with suitable preliminary treatments. 
Brass cathodes were thereafter used, as they could 
be polished comparatively easily and stored for a 
long time without becoming tarnished. 

The brass cathodes were prepared for the plating 
experiments as follows: (a) polishing up to 00 grade 
emery papers; (b) an “alkaline dip” for 30 sec in a 
hot solution (6) containing 15 g/l of sodium hy- 
droxide and 60 g/l of sodium carbonate; (c) a wash 
with distilled water; (d) a “brightening dip” for 
10 sec in an acid solution containing 435 g/l of sul- 
furic acid, 72 g/l of nitric acid, and 2 g/| of hydro- 
chloric acid; and (e) a final wash with distilled water. 


Hydrogen Ion Concentration 


A pH meter could not be used in these studies as 
the fluoborate solutions attack the delicate glass 
electrode used in the meter. The pH of the plating 
solutions had to be measured roughly with the aid 
of suitable indicators and British Drug House narrow 
range test papers, and a Lovibond comparator. The 
Universal Indicator was first used to get a rough 
idea of the pH within the range 3.0 to 11.0. The pH 
ol the solution was then adjusted to any value re- 
quired within the range 3.0 to 6.6 with an accuracy 
of +0.2 with the aid of bromophenol blue (pH range 
3.0 to 4.6) and methyl red (pH range 4.4 to 6.6) and 
using fluoborie acid or ammonia. 


Temperature and Agitation 


The temperature of the plating solutions was 
controlled to +1°C with the aid of an immersion 
thermostat. Agitation was secured by means of a 
vari ble speed electric motor rotating a glass stirrer 
immersed in the plating solution, at speeds up to 
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200 rpm. The effects of agitation were studied in 
detail at speeds of 100 and 200 rpm—the two types 
of agitation being designated ‘‘mild” and “‘vigor- 
ous,”’ respectively. 


Current Efficiency 


The anodic and cathodic current efficiencies were 
determined by carefully weighing the anodes and 
cathodes before and after the passage of definite 
known currents for exactly 30 minutes. It was 
possible to calculate the current efficiencies fairly 
accurately from the ammeter reading as the current 
was fairly steady throughout the period of deposi- 
tion. To ensure a greater degree of accuracy, how- 
ever, a copper coulometer was also utilized in all 
the experiments. 


Limiting Current Density 


The limiting cathodic current density, i.e., the 
cathodic current density at which the deposition of 
the metal practically ceases, was measured by fol- 
lowing the changes in cathodic potential with in- 
creasing current density, plotting them on a graph, 
and noting down the current density where the curve 
undergoes a sudden change. This stage was always 
marked by copious evolution of hydrogen at the 
cathode and a considerable blackening of the de- 
posit. The cathode potential was measured at 
various current densities with a calomel half cell 
and a Tinsley General utility potentiometer. 


Resistivity and Throwing Power 


As the current density—cathodic potential rela- 
tion was linear and as the current efficiency was very 
high in the cadmium fluoborate solutions, the 
following equation due to Gardam (7) was employed 
to calculate the throwing power: 


T% = ium 


2l 
se 


x 100 


where 7 is throwing power expressed as a fraction; 
l, is the interelectrode distance in cm and N, the 
throwing number = m/p, where m = the slope of 
the current density-cathode potential curve ex- 
pressed in volts per amp/cm? and p = the resistivity 
of the plating solution in ohms/cm*. 

The cathode potential—current density curves 
were not strictly reproducible in these investigations, 
but they were made as representative as possible 
by taking into account a number of sets of readings 
(at least three) for a particular solution, using 
different electrodes of the same type and shape but 
keeping the interelectrode distance constant. The 
Kohlrausch method was employed to measure 
resistivity of the plating solutions. 
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It should be mentioned in passing that even very 
low values of throwing power (e.g., 2.5%) obtained 


TABLE I Influe nee of electrolyte concentration on the plating 


characteristics of cadmium fluoborate solutions 
Temp: 27°C; pH: 3.2-3.4; other conditions as in the paper 


Current eff 
. y Limiting current 


Concentratio % at 3.23 » dm? sis . 
saree (or X (30 amap/tt? " density ‘cathodic pose Throwing 
ohm —e 
“atho = cm? 
Normality g Anodic : Mie ‘an amp/ft? 
tA 572 104.9 97.7 14.7 136 5.2 .o 
3A‘ 429 104.1 9S . | 12.2 113 5.7 1.6 
QN 286 105.0 98.9 10.0 93 7.1 1.8 
\ 143 103.9 98.3 6.5 60 12.2 4.4 


TABLE IL. Influence of pH on the plating characteristics of 
cadmium fluoborate solutions 
Temp: 27°C; concentration of the electrolyte: 1N (i.e 
143 g/l of cadmium fluoborate) 


Current efhciency 


Lae omel ; 
% at 3.24 amp Limiting cathodi 


at J current densit eietivity /browing 
oH range dm?) 30 amp/ft a Sw —— power 
Anodic Cathodic amp/dm* amp/ft? 
3.4-3.6 104.2 99.1 6.5 60 12.2 3.8 
$04.2 103.6 99.7 6.8 63 12.2 3.6 
164.8 103.8 100.1 7.2 66 12.2 3.4 
5.2-5.4 104.1 99.9 7.6 70 12.2 2.8 


TABLE IIL. Influence of temperature on the plating 


characteristics of cadmium fluoborate hath 


pH: 3.2-3.4; concentration of solution: LN, i.e., 143 g/l; 
other conditions as before 


Current efficiency Limiting cathedt 
y cathodi 


“¢ at 3.24 amp . : Throwing 
Temp “¢ dm?) 30 amp/ft® current density Resistivity power 
i ohm/dm ‘ 
Anodic Cathodic amp/dm amp/ ft? 
30 104.2 99.2 6.7 62 12.2 3.0 
5O 104.4 OS 9 7S 67 9.2 2.8 
70 104.7 96.1 8.3 76 7.3 2.0 


TABLE IV. Influence of agitation on the plating 
characteristics of cadmium fluoborate bath 
Temp: 30°C; pH: 3.2-3.4; concentration of electrolyte 
LN, 1.e., 143 g/l; other conditions as before 


urrent efficiency Limiting 


% at 3.24 
amp/dm? cathodic Resist- 
Condition 30 amp/ft? current density ivity Throwing 
ohm power ‘ 
cm? 
Cath- | amp amp 
Anodic odic dm? it? 
Still 104.2 | 99.2 6.7 62 | 12.2 3.0 
Mildly agitated 106.4 98.0 08 72 | 12.2 1.6 
Vigorously agi 
tated 106.7 | 98.0 | 12.7 | 118 | 12.2 hal 


by the Gardam equation indicate reasonably good 
throwing power in practice. 
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EXPERIMENTAL RESULTS 


The more important results obtained in they 
investigations are given in the Tables I to \ 


SUMMARY OF RESULTS 


(a) The quality of the deposit.—Highly satisfactoy, 
white cadmium deposits can be obtained on stee 
brass, or copper from cadmium fluoborate solution. 
under a wide range of plating conditions. A pH oj 
more than 4.0 makes the deposit dull and grayis), 
while an increase in temperature or agitation make 
it coarser. The addition of 1.0 g/l of sodium ber, 
naphthalene sulfonate or 1.0 ml/I of methy! eth 
ketone improves the brightness and texture of tly 
deposit considerably. 

(b) Current efficiency. Under practically all co, 
ditions, the cathodic current efficiency of the cad 
mium fluoborate solutions is 95-100 per cent and 
the anodic current efficiency is L00—-105 per cen 


TABLE V. Influence of some inorganic salts on th 
performance of a cadmium fluoborate bath 
No marked influence on current efficieney 
(Temp: 30°C; pH: 3.2-3.4; concentration of electrolyt: 


LV; other conditions as before 


Limiting cathodic 


Salt added Amount current density Resistivity Throw 

4 ohm/cm power 

amp/dm amp/{ft? 

None 6.7 2 12.2 3.2 
NH, BF, 20 5.0 16 10.3 3.5 
NH,BF, 10 1.9 15 9.8 3 6 
NaBF, 20 5.4 50 11.0 3.4 
NaBF, 10 5.2 18 10.5 3.9 
CdF 20 7.1 66 11.3 3.4 
CdF 10 I | 71 10.8 3.5 
NaF 20 5.2 18 11.7 $4 
NH,F 20 1.5 $2 11.6 3.2 


These values are altered but little by the change: 
in concentration, pH, temperature, ete. 

(c) Throwing power.—The calculated values fo 
throwing power are not satisfactory in cadmium 
fluoborate solutions, but the throwing power 
reasonably satisfactory in practice. It reaches 
maximum value, according to calculations at a co! 
centration of 1.5N (i.e., 210 g/l of cadmium fluo 
borate). It decreases in value with increase in pli 
temperature, and agitation. Additions of up t 
40 g/| of sodium or ammonium fluoborate general!) 
improve the throwing power. 

(d) Limiting cathodic current density.—This 's 
fairly high in cadmium fluoborate solutions. [i 1 
creases phenomenally with increase in concentra 10! 
temperature, and agitation, and very slightly wit! 
increase in pH. At a concentration of 1.5N and at 4 
temperature of about 30°C, the value is abou 8 


amp/dm? (75 amp /ft®). 
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TABL!. VI. Influence of addition agents on the cadmium (e) Control and maintenance.—Cadmium  fluo- 
hes, flv borate bath; physical characteristics of deposits borate solutions can be maintained and controlled 
Temp 27°C; pH: 3.4-3.6; concentration of electrolyte: very easily as there are no complications like anode 
« * eurre > ; rs § 2: / 2 : t f . . s*e . 
IN, ie, 143 g/1; current density : 3.2 amp/dm? (30 amp sludge formation, anode passivity, etc., during 
fy2 ther conditions as before) “ae . a 
' Pager electrodeposition. Composition changes occur only 
jarked improvement; B: slight Improvement; C: no . , : nS . 
hon 4: Marked Imj = very slowly in these solutions as the anodic efficiency 
improvement; D: slight deterioration; I: marked “thy , ; ; \ 
tee Ceterioration) of the process is a little more than the cathodic 
ions efficiency and this makes up for dragout losses. 
Effect on Wn ° . " ae. 
lo rhese solutions can be used conveniently for barrel 
Addition agent Amount added : wee , , ME r 
“ish Bright- Texture | Adher- | Distri- plating at higher current densities. 
ness ence yu tion 
ikes 
OptTimMuM PLATING CONDITIONS 
Net; Gelatin 0.2 g/l B D D D 
thy 0.5¢/1 B D D C From the above results, it is possibile to arrive at 
thy, ' the following composition and plating conditions 
F Dextrine 0.5-2.0g/1 C B C C ts 
for obtaining excellent deposits. 
0! {mmonium alum 0.5 g/l) Cc Cc Cc D 
rad 2.0 g/l B C C D Bath composition ‘ i 
pH 3.2 to 3.6 £ Operating conditions 
al 
Citrie acid 0.2 g/l C C D C ; 
el 0.5 g/l C C D E Cadmium fluoborate 210 | Temperature: 20°-30°C 
(Cadmium con 
Thiourea 0.5 g/l B B Cc C tent) 84. Cathodic current density: 
2.0 g/l B B C D Sodium fluoborate 25 2.2-6.5 amp/dm? (20-60 
Boric acid 25 | amp/ft?) 
te Beta naphthol 0.5 g/l B B C C 
1.0 g/l D B C C Sodium beta naphtha 
Sodium beta naph lene sulfonate 1.0) Anode area = cathode area 
thalene sulfo- 10g l A B c B Anodic current effy. = 102- 
nate ' 2.0g/1 A B C D 104% 
Cathodie current effy. = 
Civeerine 0.5 ml/l B B Cc Cc 98 — 100% 
‘ 1.0ml/l B C D C . 
B Anode: rolled cadmium; cathode: steel, brass or copper. 
a 
! TABLE VII. Comparison between the cyanide and the fluoborate baths for cadmium plating 
; 
{ Particulars Fluoborate bath Cyanide bath 
) 
' Composition g/] i Cd(BF,)2 210 CdO 40 
NaBF, 25 NaCN 130 
H,BO; 25 
HBF, Shght excess 
4 Metal content g/l S4 35 
Metal content geq/1 1.5 0.6 
10 pH 3.2-3.6 Not specified 
un Resistivity (ohms/em*) About 9.0 About 6.0 
Plating range (amp/dm?) 2.2-6.5 2.2-4.3 
Sull plating (amp/ft*) 20-60 20-40 
% Max. cathodic current density 
imp/dm? About 8.1 About 5.4 
U0 imp/ft? About 75 About 50 
HH Max. anodie current density 
t imp/dm? More than 8.1 About 2.2 
lly ump/ft? More than 75 About 20 
Cathodie current efficiency 98- 100% 85-95% 
\nodic current efficiency 100-104% 95-100% 
IS | Throwing power ; 5-6% (calculated) 20-30% (measured) 
i Stability of the bath Good Poor 
Ol Nature of the bath Nonpoisonous Poisonous 
it} Dep 
? ghtness Good Good 
9 toxture Fine Very fine 
<4 erence Very good Good 
ribution Satisfactory Very good 


and maintenance Kasy Difficult 
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COMPARISON WITH THE CYANIDE BATH 


A study of the salient features of the newly de- 
veloped cadmium fluoborate bath and the standard 
cyanide given in Table VII shows that the former 
is superior to the latter in the following respects: 
(a) plating range; (b) cathodic current efficiency; 
(c) rate of deposition; (d) general finish of the de- 
posit; (e) stability; (f) nonpoisonous nature; and 
(g) ease of control and maintenance. 

The fluoborate bath is inferior to the cyanide 
bath in the throwing power and resistivity. The 
difference in throwing power is not, however, so 
marked as the values denote because the value for 
the fluoborate bath is calculated unlike in the other 
case. 

Considering all aspects the fluoborate bath ap- 
pears to be more efficient than the cyanide bath for 


deposition of cadmium. 
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Electrogalvanizing from Fluoborate Solutions’ 


T. R. ANANTHARAMAN® AND J. BALACHANDRA 


Department of Metallurgy, Indian Institute of Science, Bangalore, India 


ABSTRACT 


The optimum conditions for electroplating zinc from its fluoborate solution have 
been deduced by a systematic study of the effects of all types of variables on its plat- 
ing characteristics. The best deposits of zinc are obtained from a bath containing 180 
g/l of zine fluoborate, 30 g/l of ammonium fluoborate, 25 g/l! of boric acid, and L0 g/! 
of beta naphthol at a pH of 5.0 to 5.4 and temperatures of 20°-30°C, and at current 
densities of 4.3 to 9.7 amp/dm? (40 to 90 amp/ft*). The deposits which are obtained on 
steel, brass, or copper are uniform, fine grained, adherent, and of pleasing appearance. 
The current efficiency of the process approximates 98 to 100 per cent cathodic and 102 
to 105 per cent anodic. The bath is nonpoisonous, stable, and easily controlled. The 
new bath is comparable to the zine cyanide bath, and is vastly superior to the zinc 


sulfate bath. 


INTRODUCTION 


The only solutions used for commercial zinc plat- 
ing are the acid sulfate solution and the alkaline 
cyanide solution. Satisfactory deposits can be ob- 
tained from either of these solutions, but the latter 
s preferred by platers for its excellent throwing 
power and wide plating range. From the commerciai 
standpoint both sclutions are highly efficient and 
t is difficult to imagine a better substitute for them. 
Previous work on zine fluoborates has shown, how- 
ever, that a fluoborate solution may have advantages 
of both solutions, i.e., it will be stable and non- 
poisonous like the sulfate bath and will also have 
the good throwing power and plating range of the 
cyanide bath. The investigations were made to deter- 
mine optimum conditions for electroplating zinc from 
its fluoborate solution and compare the best fluobo- 
rate bath with baths in vogue for electrogalvanizing. 


EXPERIMENTAL PROCEDURE 


The procedure adopted by the authors in their 
vestigations of the cadmium fluoborate bath*® was 
also followed in the present studies. 


Experimental Results 


Experimental results are given in Tables I to VI on page 
3S 


SUMMARY OF RESULTS 


\@) Quality of deposit.—The quality of zine de- 
posits on steel, brass, or copper is of a very high 


‘Manuseript received April 10, 1952. This paper was 
prepared for delivery before the Montreal Meeting, Octo- 
ber “6 to 30, 1952. Part of the dissertation submitted by 
'. R. Anantharaman and accepted for the degree of Mas- 
‘er of Science by the University of Madras, Madras, India. 
sent address: Trinity College, Oxford, England. 
Published elsewhere in this issue. 
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order under a wide range of plating conditions. The 
addition of 0.5 to 1.0 g/l of beta naphthol leads to 
a very fine and bright deposit while higher tem- 
peratures and agitation make the deposits slightly 
coarser and rougher. 

(b) Current efficiency.—The current efficiency of 
the zine fluoborate solution is very satisfactory over 
a wide range of plating conditions. The cathode 
efficiency is very near 100 per cent and the anodic 
efficiency usually varies from 100 to 110 per cent. 
The latter is influenced appreciably by the pH 
of the solution, an increase in pH bringing the value 
to nearer 100 per cent. 
power.—The power is 
higher than in the case of the corresponding cadmium 
fluoborate bath, but still not very satisfactory when 
the calculated values are considered. It reaches a 


(c) Throwing throwing 


maximum as in the case of cadmium bath at a con- 
centration of 1.5N (i.e., 180 g/l of zine fluoborate). 
It decreases slightly with increase in pH, tempera- 
ture, and agitation. Additions up to 40 g/| of am- 


monium and sodium fluoborate, especially the 
former, improve the throwing power. 
(d) The limiting cathodic current density.—The 


limiting current density is generally quite high in 
zine fluoborate solutions. It increases phenomenally 
with increase in concentration, temperature, and 
agitation. An increase in pH also increases, although 
slightly, the limiting current density. At a concen- 
tration of 1.5N (i.e., 180 g/l of zine fluoborate) and 
at a temperature of 30°C, the limiting current den- 
sity for a still 
(95 amp/ft*). 


solution is about 10.3 amp/dm? 
(e) Control and maintenance.—As in the case of 
the bath the 


maintenance is very easy. The zinc fluoborate solu- 


cadmium fluoborate control and 
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TABLE IL. Influence of electrolyte concentration on the 


plating characteristics of zine fluoborate solutions 


(Temp: 26°C; pH: 3.5; other conditions as mentioned in 
the paper on cadmium fluoborate) 


‘ 


Current effy 


, | Limiting cathodi 
Concentration at 3.2 amp/dm? iting cathodic 


r current density Throw 
30 amp/{ft — ing 
, y . power 
Nor ohms/cm o 
mal r/\ Anodic Cath amp amp, 
* odic dm? ft? 
ity 
1.\ {80 111.2 | 97.8 | 18.8 174 5.859 4.85 
3N 360 112.5 99.3 15.0 139 6.246 +.90 
2‘ 240 110.7 99.5 12.5 116 7.235 | 5.51 
\ 120 109.7 | 99.7 8.50 79 11.060 5.48 


TABLE II. Influence of pH on the plating characteristics of 


zinc fluobor ate solutions 


(Temp: 25°C; concentration of electrolyte: 1N [120 g/I1 of 


zine fluoborate!}) 


Current efficiency : 
‘ - 29 aie ‘dm? Limiting cathodic 
o8 2 ) : 
30) } . current density , 
amp/ft? Resistivity Throwing 
ohms/cm!? power ‘ 


pH range 


: ar a 
Anodi Cathodic _—v rm 


dm? ft? 
3.5 109.7 99.3 8.50 79 11.06 4.58 
£.5 106.7 99.5 9 S80 91 11.06 $.33 
5.5 102.3 99 .7 12.30 114 11.06 4.01 


TABLE IIL. Influence of temperature on the plating 


characteristics of the zine fluoborate solutions 


pH: 5.0; concentration of electrolyte: LN [120 g/1 
of zine fluoborate}) 


( 


Current effy. 


4 Amiting cathodi 
at 3.2 amp/dm? Limiting cathodic 


Te “y 30 amp/ft? . Resistivity Thsowing 
—> ohms/cm?# s§ 
Anodic Cathodic “iat = 
dm* it? 
30 103.7 99.8 10.60 OS 11.07 5.03 
50 103.4 99 .2 12.10 112 8.33 5.45 
70 104.1 99.0 14.70 136 6.52 5.58 


TABLE IV. Influence of agitation on the plating 


characteristics of zine fluoborate solutions 


(Temp: 30°C; pH: 5.0; concentration of electrolyte: 1N, 


i.e., 120 g/l of zine fluoborate) 


Current effy. Limiting 
% at 3.2 amp/dm?* cathodic Resist- Throw- 
Condition 0 aangyt* C.D. ivity Ing 
ohms power 
3 oO 
: Cath- amp/ amp - 
Anodic odi« dm? ft? 
Still 103.7 | 99.8 | 8.5) 79 | 11.07 | 3.98 
Mildly agitated 105.4 | 99.2 10.5 97 | 11.07 | 2.20 
Vigorously agi- 
tated 105.8 99.0 14.3) 123) 11.07 1.97 





TABLE V. Influence of some inorganic salts on ‘hy 
performance of a zinc fluoborate bath 


(No marked influence on current efficiency 
(Temp: 30°C; pH: 5.0; concentration of electrolyie: \\ 
i.e., 120 g/l of zine fluoborate) 


Limiting C.D. 


Salt added | Amount Resiativity | Throwiy 
amp/dm? amp/ft* 
None 8.4 78 11.07 5.00 
NH,BF, 20 fe 68 9.19 7.49 
NH,BF, 10 6.4 59 8.86 847 
NaBF, 20 7.2 67 9.88 5 8 
NaBF, 40 5.8 54 9.49 6.99 
ZnF» 20 9.3 86 10.21 5.68 


, 
— 


“ABLE VI. Influence of addition agents on the phys 


characteristics of deposits from zine fluoborate solution 


(Temp: 27°C; pH: 5.0; C.D. (50 amp/ft*) 5.4 amp/d 
concentration of electrolyte: LN, i.e., 120 g/I of 
zine fluoborate) 


(A—Marked improvement; B—Slight improvement 
C—No effect; D—Slight deterioration; 
kk—Marked deterioration 


Effect on 


Addition agent Amount added 


Bright Festure Adher Dis 
ness ence bu 
Gelatin 0.2 g/l B B D ( 
0.5 g/l B B D ( 
1.0 g/l Kk ke D ( 
Dextrine 0.5 g/l Cc B G ( 
1.0 g/l D B ( ( 
Ammonium alum 0.5 g/l B C Cc ( 
1.0 g/l B e C D 
Citric acid 0.2 g/l ( ( D D 
0.5 g/l D Cc D 
Thiourea 0.5 g/l] B B Cc ( 
2.0 g/l B B e ( 
Beta naphthol 0.5 g/l A B C 
1.0 g/l A B C ( 
Sodium beta naph- 
thalene sulfo 
nate 0.5 g/l B B C ( 
1.0 g/l B B C ( 
Glycerine 0.5 ml/I B B Cc ( 
1.0 ml/I] B B Cc { 
Methyl ethyl ke 
tone 0.5 ml/l B B © ( 
1.0 ml/l B Cc D ( 
Carbon bisulfide 0.01 ml/I A B C C 
0.02 ml/I B B D D 


0.03 ml/I B B D I 
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ideally suited for barrel plating, at higher 


Hols 


oyurren| densities 


Optimum conditions and composition 


Bath composition: zine fluoborate 180 g/1 
(zine content) 19 g/l 
ammonium fluoborate 30 g/l 
boric acid 25 g/l 
beta naphthol 1.0 g/l 
Operating conditions: pH: 5.0 to 5.4 
Temperature, 20°-30°C 


Cathodic current density, 4.3-9.7 
amp/dm? (40-90 amp/ft*) 

Anodic current effy., 102-105% 

Cathodic current effy., 98-100% 

Anode area is the same as cathode 
area 

Anode: pure zine 


Cathode: steel, brass, or copper 
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ABSTRACT 


The activity of zirconium metal powders was studied by measurements of ignition 
temperature, burning time, and ignition energy on subsieve powders prepared by cal- 
cium reduction of ZrO, and on coarse powders made by grinding fused zirconium. Par- 
ticle diameter of 10 microns represents approximately the dividing line between 
hazardous and nonhazardous powder, using 0.01-0.04 joule spark ignition energy as 
a criterion. Thermal ignition appears to occur by spontaneous combustion, and a the- 
ory was developed which accounts qualitatively for the dependence of ignition tem- 
perature on a number of variables. The burning time of Zr powders is related to, but 
not uniquely determined by, the surface area. Ignition sensitivity of Zr powders was 
not successfully decreased by alloying with Ti, Ni, Cu, Fe, Co, or H:. Hazards are 


Factors Controlling the Combustion of Zirconium Powders 


discussed briefly, and details of evaluation methods reported. 


INTRODUCTION 


Zirconium metal has increased greatly in techno- 
logical importance during the past decade, and a 
large body of literature has consequently evolved 
which describes its preparation, properties, and 
applications. The largest proportion of scientific 
effort has been devoted to the metal in its massive 
form. The preparation of pure crystal bar by the 
deBoer method (1), as first represented commercially 
by installations at the Foote Mineral Company, 
and of high purity sponge by the Kroll method, as 
practiced by the U. 8. Bureau of Mines (2), are the 
major developments in this field. The principal 
properties of pure massive zirconium which have 
accelerated this development are its resistance to 
corrosion in various media (3), its ductility (4), and 
its low neutron-capturing tendency (5). 

In powdered form, zirconium retains to a remark- 
able degree its resistance to corrosion, and is, in 
contrast with other metal powders of commerce, 
stable for long periods of time under all normal 
conditions of storage. Coupled with this stability is 
a high degree of chemical reactivity at slightly ele- 
vated temperature. Absorption of gases such as 
O., N», and Hy, accounts for vacuum tube gettering 
applications (6, 7). Combustion in air or oxygen is 
rapid, and is accompanied by evolution of consider- 
able heat and light. Such behavior makes zirconium 
powder of great use in photoflash bulbs (8) and of 
interest as a fuel in ammunition elements (9-11). 
It is the purpose of this paper to report the results 


‘Manuscript received April 28, 1952. This paper was 
prepared for delivery before the Philadelphia Meeting, 
May 4 to 8, 1952. Part of the research in this paper was 
made possible through Philadelphia Ordnance District 
Contracts DA-36-034-ORD-88—388 and 389, sponsored by 
the Pitman-Dunn Laboratories of the Frankford Arsenal. 
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of recent investigations of the combustion properties 
of zirconium powder. 


PREPARATION OF ZIRCONIUM POWDERS 


Among the objectives of this research were two 
essential extremes: the preparation of zirconium 
powders of the highest possible burning speed, and 
the preparation of zirconium powder of the lowest 
possible sensitivity to ignition by static electricity 
or heat. These objectives dictated preparation, on 
the one hand, of powder with minimum particle size, 
and, on the other, of powder of maximum particle 
size consistent with other desired qualities. 

Powder of high burning speed was made by the 
calcium reduction of ZrO.: 


ZrO. + 2Ca = Zr + 2CaO. (I 


Several other reactions were considered: 


ZrO. + 2Mg = Zr + 2MgO (I 
ZrO: + 4Na = & + 2Na.0 an 
ZrO, + 2Na = Zr + Na, 

ZrO. + 4H = Zr + 2H.O (IV 


ZrO, + 2CaH, = ZrH, + 2CaO + H: 
ZrH, + heat = Zr + Hy 
ZrX, + 2M = Zr + 2MXz (where X is C! 
or F, and M is Ca, Mg, or 2Na). 
Magnesium reduction of the oxide was incomplete, 
yielding powder of great sensitivity to ignition, bu! 


with low free metal content. Reaction (IIT) did not 
proceed, as predicted by thermedynamies.’ !tea- 


? The litera‘ure (12, 13) indicates, however, that sodium 
reduction occurs, possibly through intermediate zirconium 
halide formation, when an alkaline earth halide is included 
with the charge. 
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tion (1\) was studied by generating atomic hydrogen 
~) on a bot filament and passing it over ZrOz, but no 
reduction Was observed. Reaction (V), which may 
be written in several different ways, yields a metal 
powder containing more or less hydrogen depending 
upon conditions in the reduction cycle. It is shown 
later that hydrogen decreases the burning speed of 
the powder without appreciably diminishing its 
sensitivity to ignition. The reaction therefore did 
not appear useful for our purposes. Reductions of 
the type shown in reaction (VI) are sufficiently 
exothermic to yield sponges or fused metal, rather 
than powders. 
Powder of maximum particle size and low ignition 
sensitivity Was prepared by grinding fused zirconium 
metal resulting from the reaction 


acetone, and allowing the filter cake to air-dry at 
room temperature. Chemical properties of such 
powder have been reported previously (4). 

The procedure differed from that of Rentschler 
and Lilliendahl (14) in that an evacuated bomb was 
used and cooled as rapidly as possible after reaction, 
instead of maintaining the reacted mass at high 
temperature, and under argon atmosphere, for a 
protracted period. The deleterious effect of extended 
heating on powder activity is shown in a separate 
series of experiments summarized in Table I. 

The combustion properties of the metal powder 
were not a function of the purity or fineness of the 
calcium employed, but it was found that reaction 
was difficult to initiate when calcium coarser than 
10 mesh was used. The Ca:ZrO. molar ratio was 
varied over the range of 1.8 to 4, corresponding re- 





Tr 90 y aC lp r ee 
ZrCl, + 2Ca — Zr + 2CaCh. (VIT) spectively to 10 per cent deficiency and 100 per cent 
Lies 
Grinding of fused metal, rather than sponge metal i. oe . ‘af 
a 8 1} th ‘cht P * : TABLE I. Effect of extended heating of Ca-ZrO2 mixtures on 
as tay a» se 2S a8 y - ° . *-* 
was favored because the sponges might yield agglom sirconium powder activity 
rates ¢ s Ss ‘les. Suc > , “ean : sla 
erates composed of small particles. Such agglomerate (In these experiments, Ca-ZrO. mixtures were ignited 
two powders would be expected to have the ignition in graphite crucibles under argon atmosphere, and main- 
ium characteristics of the smaller units, rather than of tained at 1200°C for indicated times after completion of 
and the larger particles of measured size. Calculation of reaction.) 
vest peak temperatures reached during the reactions of Properties of zirconium powder, after acid-washing and drying 
city equation (VI), in a manner analogous to the calcula- i 
. ' 4 , : article 
on tion of flame temperatures, showed that the melting Tine, we size,mi- | Burning Ienitio hte 
’ ; oii ‘ anaes ‘ ‘ crons, air time, sec/10 pe ns c Pa Seuslen 
sae point of zirconium (1830°C) might theoretically be permeability in. p, © BY, Joules 
i : * ‘ s . : meth 
7 exceeded in the sodium reduction of ZrCl,, and in 
the caletum reductions of ZrCl, and ZrF,. Experi- 0 2.05 1.6 196 0.000045 
the ence in the sodium reduction of ZrCl, indicated 5 2.61 6.7 201 0.000045 
. . 10 2.75 3. 20° 0.000045* 
that sponges were obtained, whereas calcium reduc- hd , ’ . roe 
é ctype 20 3.22 14.2 200 0.000045 
) tion yielded well-fused metal; ZrF, was not used ai 
because of its cost and the solubility of Zr in acidic * Static ignition tests were performed by the Pitman- 
fluoride solutions which would necessarily be present Dunn Laboratory of the Frankford Arsenal. Asterisk indi- 
during acid-washing of the raw product. cates that ignition was not followed by sustained combus- 
(II tion. 
Preparation of Subsieve Zirconium Powder by “ai 
I] ' ‘ PCIe st excess. The free metal content of the powder made 
Reduction of ZrO, with Calcium : — ; 
with a deficiency of reductant was lower than that 
ry lhe calcium reduction process was studied by of other powders, as anticipated, but there was no 


charging mixtures of C.P. ZrO.’ (-200 mesh) and 
granulated calcium, in measured excess, to a steel 
\ reduction bomb (approximately 314 in. diameter X 
‘in. high), igniting the mixture by placing the bomb 
in an electric furnace at 900°C, and, after cooling, 


significant dependence of the combustion properties 
(ignition temperature and burning time) on the 
Ca:ZrO, ratio. For a given oxide type,‘ the metal 
powder qualities appeared to be relatively inde- 
pendent of the state of subdivision of the oxide 


‘VI removing the contents and washing the product (Table IT). 

with water and HCl. Typical yields of metal powder ‘ ‘ ae ; 

™ . ee Preparation of Coarse Zirconium Powder 
lete. ere in the range of 83-92 per cent. Determination . 
but ot dissolved Zr showed that a loss of 5-6 per cent Fused zirconium was obtained by bomb reduction 
not was incurred in the hot acid treatment used to of ZrCl, with Ca under suitable conditions. The Zr 
eat: minimize acid-soluble impurities. Small samples of ‘Oxides which were predominantly monoclinie yielded 


powder were taken for analysis and other tests by 
hltering through a Biichner funnel, washing with 


‘fast’? metal powders, whereas the tetragonal modification 
produced powders of long burning time. Unfortunately, 
there are no data on the heat of transition to indicate 
whether the difference is attributable to differences in the 
exothermic heat of reaction. 


lium 
nium 


‘ wl 3 ' ° P : P 
uded All Zr and its compounds mentioned in this work ‘con- 


‘ained !1f{(Hf/Zr = approximately 0.01). 











content of such fused metal varied from 96 to 98.6 
per cent, the principal impurities being oxygen, cal- 
cium, minor metallic impurities present in the ZrCl,, 
and included salt. The salt and calcium contents 
were sharply reduced by acid-washing the ground 
metal. Average oxygen content was of the order of 
1-2 per cent, rendering the material sufficiently 
brittle for grinding. 

The fused metal was crushed in a small jaw crusher 
equipped with a special housing permitting main- 
tenance of an argon atmosphere. By repeated re- 
cycling of crushed metal, and ‘‘choke-feeding,’’ it 
was possible to obtain metal finer than 100 mesh. 
The possibility of crushing to a coarser size (4 to 
60 mesh), and further reducing such material to 
size in a high-speed hammer mill (Mikropulverizer) 
was also explored briefly. With extreme care in the 
matter of inert gas atmosphere, and using only a 
few hundred grams, it was possible to obtain appre- 
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a transite board, ignited at one end, and th» time 
interval measured either visually with a stop vateh, 
or electronically by two Cetron CE2P phot tub 
spaced 10 in. apart. Reproducibility was aj proxi. 
mately +20 per cent or +9 sec, whichever wag 
the greater. 

Ignition energy.—Ignition energies were meas. 
ured by subjecting a small sample of metal powde; 
to an electric spark from a charged condenser, Thp 
energy of the spark (W = !5 Ce*®, where C is th, 
capacitance and e the instantaneous voltage) wa 
increased stepwise until actual burning occurred 
The limits of the equipment used (Pitman-Dyn 
Laboratory Electrostatic Discharge Tester No. 307 
141) were 0.000045 to 21.9 joules. These tests wer 
performed by the Pitman-Dunn Laboratories of t}y 
Frankford Arsenal. 

Ignition temperature. Ignition temperatures wer 
measured by heating one-gram samples in a massiv 


TABLE IIL. Dependence of zirconium powder properties on particle size of oxide 


ZrOr—Commercial C.P. product, predominantly monoclinic. Ca—10 mesh, 10% stoichiometric excess 


Average ZrO: 


roe Oxide treatment a ee. ‘a 3 
gar method, microns 
] Sieved through 200 ae 91.3 
mesh 
2 Sieved through 200 7.7 90.8 
mesh 
3 None 6.9 S80 
j Air-milled 1.1 91.0 
5 Ball-milled 4 & 91.3 


a) Determined by weight gain on ignition 


Photoflash bull 


Avg part. size, ane ° . 
td mone Egnit °C SomEp, map - | ne peak time 

method, microns , ’ m. se 
6.6 ISI 1.3 6.1 
6.8 186 1.2 6.3 
5.8 192 1.6 6.0 
5.9 IS] 1.3 5.4 
6.1 1S] 12.2 8.8 


b) Peak time is the time taken for the light emitted from the photoflash bulb to reach maximum intensity. Typical ligh' 


emission curves are shown in reference (19). Values cited were provided through the courtesy of Dr. W. C. Fink, Sylva: 


Electric Products Company 


ciable quantities of powder finer than 100 mesh, 
with a minimum occurrence of fires. Crushed metal 
finer than 100 mesh was washed with HCl and water, 
and wet-sieved to produce the 100/325 cut desired 
as a part of this research. Subsieve portions of the 
ground metal were studied for various properties, 
as described later, in an attempt at over-all correla- 
tion of the properties of zirconium with particle size. 
Microscopic examination showed the crushed metal 
to consist of discrete particles of irregular, angular 
shape. 


Combustion Properties of Zirconium Powders 


Combustion of zirconium powders was studied 
by measuring the following properties. 
Burning time.—Burning time was measured on 


a 10-in. powder train prepared in a steel mold 
(12 in. x 1g in. x %¢@ in.). No attempt was made to 
pack the dry powder. The train was transferred to 


copper block (3 in. diameter x 3 in. high) with a 
blind #4-in. hole for the sample and a blind °;¢-1 
hole for a thermometer. The block was set on a ho 
plate producing a temperature rise of 15°C pe! 
minute at the anticipated ignition temperature 
Ignition was seen as a glow in the dark sample 
cavity, and the thermometer reading was recorded 
as ignition temperature. In some of the early work, 
ignition temperatures were determined by placi¢ 
samples, in porcelain crucibles, in an oven. The ms- 
ing oven temperature was read by thermometer 
This method was discarded because better conditions 
for uniform heat transfer existed in the massive 
copper block. Duplicate readings generally agreed 
within 2°C. 

Particle size.—Particle sizes were measured )) 
three techniques: gas elutriation with a loller 
‘particle size analyzer (15); settling in water by the 
hydrometer method (16); and air permeability. read 
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on a | isher subsieve sizer (Fisher Scientifie Com- 
pany, atalog No. 14-312). As a safety precaution, 
argon instead of air was used as a fractionating 
medium in the Roller analyzer. 
|GNITION ENERGY AND PARTICLE SIzE 

Zirconium powder can be ignited in two ways: 
by elevating its temperature, or by adding to it a 
minute amount of electrical energy. From the 
industrial standpoint, the ignition energy, which 
is the minimum energy required to ignite the powder, 
s probably the more important property. Hartmann 
17) states that electrostatic spark energies of the 
order of 10 millijoules might be built up and dis- 


TABLE IIL. Combustion properties of ground fused zirconium powders and commercial magnesium powder 


Zirconium (GZ) 
200/325 mesh, 


by sieving 


Particle size range, yw, estimated 44-74 
\verage particle size, uw, air permeability method 33 

Free Zr, % 86.4 
Ignition temp, °C 378 
Burning time, sec/10 in. $14, 397 
Ignition energy, joules 12.5° 


* Ignition not sustained. 






















a) 
a 
5 100 
oO 
g 10 —_ 
ic) 
a 
w ! - 
z 
z ) ; , NON- HAZARDOUS 
3 ol LiL MMM | 
, HAZARDOUS 
= 001 
aq 
a 
” 0001 
10 20 30 40 50 


PARTICLE SIZE (LOWER LIMIT), MICRONS 
Fic. 1. Spark ignition energy as a function of particle 
size (ground fused Zr). 


charged from a human body under some conditions. 
By this criterion, any metal powder which can be 
ignited by a spark less energetic than 0.01 joule 
would present serious hazards in dry handling. 
Corresponding approximately with this statement 
is the fact that commercial magnesium powder, 
having a spark sensitivity of 0.045 joule, can be 
handled with relative safety. Fine zirconium powder, 
on the other hand, having a spark sensitivity of 
00004 joule, must generally be handled wet to 
obviate danger of inadvertent combustion. 

The crushed, fused zirconium was split into three 
lractions by sereening between the limits of 200 and 
325 mesh (Tyler sieve series), and treating the 
subsieve portion to repeated suspension and de- 
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cantation after times computed from Stoke’s Law 
(18). Ignition energy, burning time, and ignition 
temperature for these three fractions, and also for 
a commercial ground magnesium sample, were 
measured as described above, with the results shown 
in Table III. It is worth noting that the finest sample 
of this series had a higher order of spark energy than 
that characteristic of metal powder made by oxide 
reduction (Table I). The ignition energy data, 
plotted in Fig. 1, show that particle diameter of 
10 microns represents approximately the borderline 
between safe and hazardous zirconium powder, on 
the basis of the criteria previously cited. The practi- 
cal significance of this conclusion, that zirconium in 


Zirconium (GZ) Zirconium (GZ 





10 to 44 uw, by 2 to 10 yw, by Commercial ground 
decantation decantation a 
10-44 2-10 Screen analysis: 
100/200 mesh 37% 
200/325 30% 
through 325 33% 
18.3 3.15 12.4 
84.5 72.5 
312 199 412-490 
127, 165 21.5, 23.5 54, 46 
0 .0200-0.0378*  0.000125—-0 .000225 0.045-0 .046 


the sieve range (44 microns and greater in effective 
particle diameter) can be handled dry without danger 
of ignition by static discharge, requires one important 
qualification: the size limit refers only to discrete 
particles, and not necessarily to particles which are 
essentially agglomerates of finer units. Ground 
sponges nominally coarser than 325 mesh may be 
static-sensitive, if they consist of agglomerates of 
particles smaller than 10 microns. 
IGNITION ‘TEMPERATURE 

When zirconium powder is heated, it is found that 
sudden ignition occurs at some reproducible external 
temperature, here defined as the ignition tempera- 
ture. The literature indicates that zirconium has the 
lowest ignition temperature of the commercially 
available metal powders. 

Certain interesting regularities were observed in 
the determination of ignition temperatures (Fig. 2). 
The increase of ignition point with water content 
(Fig. 2B) is ascribed to a slight oxidation of the 
zirconium by water near the boiling point. Physical 
dilution of the zirconium powder raises the ignition 
temperature (Fig. 2C), but the trend is not carried 
over into metal powders “internally diluted,” that 
is, incompletely reduced metal powders. No correla- 
tion has been found between the free metal content 
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and the ignition temperature. Indeed, some of the 
lowest ignition temperatures were recorded for in- 
completely reduced powders, such as those made 
by the magnesium reduction of ZrQs. 
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Fic. 2. Influence of several variables on ignition tem- 
perature of zirconium powder made by Ca-reduction of 
ZrO,. A, heating rate. B, water content at room tempera- 
ture (l-gram Zr samples). C, dilution with ZrO, (1-gram 
total weight). D, sample weight: 1—ZMP-7, copper block 
method; 2—ZMP-5, compacted at 14,000 psi, oven method; 
3—ZMP-5 oven method. 


TABLE IV. Effect of high-temperature pumping on the 
ignition temperature of zirconium powder 
(Metal powder—ZMP made by calcium reduction of 
ZrO:. Sample pumped at high vacuum for one hour at in- 
dicated temperature.) 


Temp, °C (No treat- 420 900* 
ment) 

Ignition temp, °C 187 158 160 

Burning time, sec/10 in. 8.4 7.3 8.4 


Average particle size, air 
permeability method, u 2.5 2.6 4.2* 


Ignition energy, joules 0.000045 0.000045 0.000045 


* To permit measurements on this sample, it was neces- 
sary to grind the sintered cake in a mortar and pestle. 


In all cases where ignition point determinations 
were repeated on a given powder sample after a 
prolonged period, it was found that the ignition 
temperature had risen. The only rational explana- 
tion of this fact is that an oxide film forms which 
hinders subsequent oxidation. The effect can be 
accelerated by maintaining the powder a few de- 





) 


grees below the nominal ignition point for s--yerg) 
minutes. Conversely, it was found that powders 
pumped at high temperatures show a decre:se jy 
ignition temperature (Table IV), because of inward 
migration of the surface oxide film (20). 

Perhaps the most revealing variation of the igni- 
tion temperature is its dependence on the sample 
weight (Fig. 2D). The observed variation is cop. 
sistent with a spontaneous combustion mechanism. 
wherein the heat of reaction within the powder mass 
increases the oxidation rate continuously, limited 
only by the rate at which the heat can be dissipated 
to the container. Burning from the inside of the 
sample to the outside was evidenced in several ey. 
periments during which internal temperature was 
compared with the external. The internal tempera- 
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Fic. 3. Temperature differences prior to ignition of zir 
conium powder. Upper curve—results with differentia! 
thermocouple, one junction in center of sample, other near 
exposed surface; lower curve—comparison of oven and 
metal powder sample temperatures. 


ture lagged behind that of the container throughout 
most of the heating period. Shortly after the internal 
temperature exceeded the external, visible ignition 
occurred (Fig. 3). 

A semiquantitative explanation of these facts 
follows. Assume a spherical mass of zirconium 
powder of radius, r, in perfect thermal contact at 
its periphery with an infinite heat reservoir at 4 
controlled temperature, 7, . Assume further that the 
mass. consists of small perfect spheres, each of diam- 
eter d. At ordinary temperatures, oxidation occurs 
so slowly that the infinitesimal amount of heat de- 
veloped is easily dissipated to the surroundings. As 
the temperature is raised, and the oxidation rate 
increases, the exothermic heat becomes appreciable 
and causes further temperature increase of a segment 
of the powder which is thermally isolated. If the rate 
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of heat development at the center of the mass is 
greatc: than the rate at which the heat can be trans- 
ported to the container, ignition eventually occurs. 
Then the following condition is necessary to ignition: 
rate of exothermic heat development > rate of 
heat 108s. 

Gulbransen (21) has shown that zirconium reacts 
with oxygen in the temperature range of 200°-425°C 
according to a modified parabolic law: 


W? = Kt+C 


where W is the weight gain of a sample of known 
geometric area, ¢ is the time, and K a reaction rate 
constant with Arrhenius temperature dependence. 
The constant C expresses a slight deviation from the 
simple parabolic law in the initial stages of reaction, 
and can be omitted as negligibly small for reactions 
in advanced stages or metal with appreciable oxide 
film thickness. The reaction rate per unit area is then 


ak 


dt 2¢ ti 
where / is the activation energy, reported to have 
a value of 18.2 keal. 

For a small mass of fixed weight at the center of 
the hypothetical spherical sample, the rate of heat 
development is obtained by multiplying the reac- 
tion rate per unit area by the total surface area and 
the heat of reaction AH. The total area per gram of 
a system of uniformly sized spheres is 6/pd,> where 
ois the density and d the sphere diameter. The rate 
of heat generation by center element is thus 


Py" sath 

iid 
where 7, is the temperature of the central mass, 
and A” includes all previous constants. Assuming 
that the rate of heat transport from the center ele- 
ment to the reservoir is of the form k’’’(T:; — 17\)/r, 
the fundamental condition for ignition becomes 


— AHe E/2RT? a k’’"( T, Pad T)) 
bd > ; 


The expression cannot be solved for 7; , the ignition 
temperature, in terms independent of 7; , the in- 
ternal temperature. On the assumption that ignition 
is possible when 7, exceeds T; by some small con- 
‘tant value, two simplifications are possible: 
Ts T,) in the heat loss term can be taken as 


‘onstant, and 7, can be taken as roughly equal to 

*A general treatment would include a roughness factor 
‘o account for the fact that the measured surface area is 
greater than that caleulated for smooth spheres. For a 
given powder lot, however, the necessity for this refine 


ment ippears. 
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T, in the exponential. The inequality then simplifies 
to 


B/2RT) Kt d 
r 


e 


or eventually, 


E E 


—n4 T, > —— et? 
9 9 
2k In (Eira) 2R In (en 1) 
where m is the sample mass. 


Various interpretations of the time factor in this 
expression are possible. If it is interpreted as an 
inverse function of the external heating rate, then 
the expression predicts a decrease in ignition tem- 
perature with heating rate. This is the experimental 
case for small samples (Fig. 2A). In the case of larger 
samples, the increase of ignition temperature with 
heating rate is attributed to increased lag of internal 
temperature with respect to external temperature. 


7 
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Fic. 4. Theoretical curve of ignition temperature vs. 
mass, for any given powder (heating rate constant). 


The predicted increase of ignition temperature with 
time is in qualitative agreement with the observa- 
tions that the ignition temperature can be greatly 
raised by keeping powder below the usual ignition 
point for some time. For a system of fixed particle 
size and shape distribution, and constant time, i.e., 
heating rate, the expression indicates a relationship 
between sample mass and ignition temperature as 
shown in Fig. 4. The form of this theoretical curve is 
very similar to those found experimentally (Fig. 2D). 
Likewise, the expression is in qualitative agreement 
with the data of Table III, as regards particle size. 

A similar theoretical treatment for massive mag- 
nesium, developed by Eyring and Zwolinski (22), 
and based in part on the data of Leontis and Rhines 
(23), has recently been tested by Fassell, Gulbransen, 
Lewis, and Hamilton (24). An interesting demon- 
stration of the dependence of ignition temperature 
on sample mass is cited by Hartmann (25), who 
found that one gram of uranium hydride ignited at 
110°C, whereas 5 grams ignited after a few minutes’ 
exposure to room temperature. 
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Fic. 5. Adsorption of Ne on Zr powder (made by cal- 
cium-reduction of ZrO,) at 77°K. Open circles—x vs. pres- 
sure; closed circles—P/x(P) — P) vs. P/Po. 
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tion, rather than chemical combination, oceur:ed 4; 
liquid nitrogen temperature. Degassing tempers. 
tures of 200°-400°C yielded reproducible ares: 
(Table V, experiments on ZMP 110-5). 

In Table V are summarized surface area resy|j, 
on the three categories of material studied, in the 
order of decreasing area. It is apparent that the 
magnitude of the surface area does not uniquely 
determine the burning speed. It seems reasonable 
to ascribe the failure of correlation to variations jy 
the oxide film thickness, just as certain variations 
in the ignition temperature were ascribed to such 
films, through the time factor in the ignition tem. 
perature equation. As noted in the following section. 
burning time is also affected by hydrogen conten: 
Judging from the substantial increase in area (and 
accompanying increase in activity®) on wet ball- 


TABLE V. Surface areas of Zr and ZrO, powders and combustion properties of Zr powders 


(Area of Ne molecule taken as 16.2 A?® 


Powder 


Area, m*/g 


Equivalent particle Ignition temp, Burning time 
diameter, »* Cc sec/10 in 


Zr powders made by calcium reduction of ZrO, (ZMP) 


ZMP.-41 

ZMP-5 

103 G-3, ball-milled 

ZMP-19 

ZMP 110-5 
degassed 1 hr at 20°C 0.85 
degassed 1 hr at 200°C 1.08 
degassed | hr at 400°C 1.08 
degassed 1 hr at 600°C 0.41 
degassed 1 hr at 750°C 0.25 

103 G-3 

ZMP 106-1 


2.90 0.32 214 1.75 
2.85 0.32 160 1.8 
2.85 0.32 171 10.3 
1.10 O.85 135 2.6 
1.08 0.86 222 2.3 
0.83 1.1 281 95.5 
0.52 et 222 10.0 


Ground fused zirconium (GZ) 


5 to 10u fraction, by separation in Roller analyzer 
10 to 44m fraction, by separation in Roller analyzer 
100/325 mesh, by screening (44 to 149,) 


Zirconium oxide 


6 0.93 
ag Ba 


SurFACE AREAS OF ZIRCONIUM POWDERS 


Surface areas of various zirconium powder samples 
were measured by the Brunauer-Emmett-Teller 
nitrogen adsorption method (26). The ultimate ob- 
jective of these measurements was to correlate the 
surface area with the burning time of zirconium 
powder. Although this objective was not achieved, 


certain other information of interest. was developed. 
It was found that the adsorption was reversible, 
which, together with the S-shape of the isotherm 
(Fig. 5), was taken to prove that physical adsorp- 


1.07 0.87 200 22 

0.25 3.7 240 122 

0.13 =e > 500 x 
3.08-7.0 0.30-0.13 


milling zirconium powder, it would appear tha! 
porosity contributes negligibly to the surface area, 


* In addition to the increase in activity (decreased bur! 
ing time and ignition temperature) caused by ball-milling 
slight chemical change is also effected. The free meta! con 
tent decreases and hydrogen pressure develops in the mil! 
which consequently requires periodic venting. A!! th 
changes are consistent with reduction in particle size, * 
is also indicated by air permeability measuremen'! and 
reaction of the freshly exposed Zr surfaces with wat 


Zr + 2H.O = ZrO. + 2H. 


Vol. 


and | 
rhe 
does 
[his 
vhicl 
size ' 
tend 
effect 
Th 


subst 
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and that grinding results in actual particle rupture. ZIRCONIUM ALLOYS 


rhe reduced metal surface area approaches but 
does not equal or exceed that of the parent oxide. 
(his is consistent with a reduction mechanism in 
vhich the zirconium metal would have a particle 
ize corresponding to the ZrO, grain size, but for a 
endency to inerease in size because of sintering 
effects at the high reaction temperature. 

The surface areas of all the metal powders were 
sipstantially greater than would be inferred from 


Attempts were made to decrease the extreme igni- 
tion sensitivity of zirconium powder by preparing 
binary alloys with other elements. The results of 
addition of Ti, Ni, Cu, Fe, Co, and He (Table VI) 
show that very large additions of these elements 
are required to reduce the ignitability materially. 
Furthermore, in every case for which the ignition 
energy Was increased to values near the nonhazard- 
ous limit (of the order of 0.01 joule), the ignition 


TABLE VI. Effect of alloying constituents on zirconium powder 


lioving Constituent ‘ or | Particle size or ' . Burning time, Ignition energy, 

; ae o ar oA range microns Ignition temp, “( - 10 in. ’ Rites - 
ri 44.7 10.0 2-8 (a) 228 7 * (0.000125 
ri 21.8 66 2-8 (a) 279 9.9 0.000045 
Ti 11.8 73.5 2-8 (a) > 400 30.5 0.00045* 
ri 8.1 75.2 2-8 (a > 500 45.2 0.0025* 
ri 0 86.0 2-8 (a > 500 81 >21.9 
Ni 87.2 6.2 <44 176 9.4 0.00016 
Ni 79.1 13.8 <44 250 60 0.00036 
Ni 64.5 29.9 14 > 400 202 12.5* 
Ni 54.9 38.9 < 44 > 400 324 21.9* 
Ni 34.7 54.3 <44 Would not burn 
Cu 85.3 7.7 <44 210 21.2 0.000625 
Cu 5 15.1 <44 194 25.8 0.00125 
Cu 64.0 31.4 <44 200 18.2 0.00144 
Cu 49.2 16.0 44 210 17.5 0.0025* 
x 86.7 6.1 <44 132 31.0 0.000625 
Ke 81.6 11.9 <44 162 23.4 0.000625 
Co 89.0 13.5 <44 ISS 32.6 0.00025 
H. (b 90.0 (¢) 0 3.77 (a 18 11.8 0.00009 
H. (d) So.9 0.07 3.77 (a) 200 6 0.000045 
H 89.9 0.08 3.77 (a) 204 11.5 0.000045 
H So.9 0.13 3.77 (a 208 S 0.000045 
H 89.4 0.55 3.77 (a) 230 42.5 0 .Q00080 
H 88.9 1.1 3.77 (a) 224 51 0.000125 
H 88.6 1.5 3.77 (a) 260 73.1 0 .00050* 
H 88.5 1.8 3.77 (a) > 400 81 0 .0225* 


* Ignition not sustained. 


a) By air permeability method. (6) Degassed at 1100°C 


t 700% 


the particle sizes as determined independently. The 
particle sizes calculated from the surface areas, on 
the assumption of smooth, uniform spheres, are 
smaller, by factors of 7 to 18, than the particle sizes 
as determined by sieve limits or hydrometer settling. 


these factors, which are due to the irregular shape 


ol the Zr particles, are of the same order of magni- 
tude that calculated from the data of Guldner 
and Wooten (27), who compared the B-E-T particle 
siZe@ W 


microscopic measurements. 


(c) Free Zr, as determined by gain on ignition. (d) Degassed 


temperature was high and the burning rate low. 
Emission of heat and light during burning was, 
under these circumstances, much less than that 
desired. 

The titanium-zirconium mixtures were prepared 
by calcium-reducing intimate mixtures of TiO. and 
ZrO: in a small bomb, as described previously for the 
preparation of Zr powder. Prior to the preparation 
of these mixed metal powders, a few experiments 
were made in the reduction of TiQs with calcium. 
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The resulting metal powders had Ti contents vary- 
ing from 86 to 91 per cent, burning times from 24 to 
81 seconds, and ignition temperature over 500°C. 
The reaction rate constant for oxidation of Zr is 
some 23 times as great at 350°C as for Ti (28), and 
the corresponding activation energies are 18.2 and 
26 keal. The ignition temperature of Ti is thus 
different from that of Zr in the direction indicated 
by the theoretical expression developed earlier. 

The other metallic alloys were prepared by vacuum 
melting, in graphite crucibles, appropriate mixtures 
of fused zirconium and powdered metal, crushing 
the resultant ingots, and grinding them to pass 325 
mesh. No attempt was made to obtain a specific 
particle size, but the results are sufficient to show 
that the static sensitivity of Zr cannot be appre- 
ciably decreased except by use of very large propor- 
tions of the alloying metal. 

The hydrided zirconium samples were prepared 
from metal powder made by calcium reduction of 
ZrO.. A quartz tube containing a weighed amount 
of the powder was sealed to a glass vacuum system, 
and heated under high vacuum to expel hydrogen 
already contained. Hydrogen was then admitted 
to the system, and in turn admitted to the sample. 
Amount of hydrogen consumed was calculated from 
pressure decrease and the known volume of the sys- 
tem. After degassing at 1100°C, the sample absorbed 
H, very slowly; after degassing at 700°C, the hydro- 
gen absorption started readily at room temperature. 
The absorption was exothermic and increased in 
rate as the sample temperature rose. A portion of 
the sample richest in hydrogen (corresponding to 
ZrH,..) was degassed at 1100°C, and the sintered 
cake ground lightly to permit burning measure- 
ments. The burning time was 9.2 sec, and the igni- 
tion temperature 216°C, essentially duplicating the 
values found for the original Zr powder simply de- 
gassed at 1100°C. The effect of hydriding on powder 
properties is, therefore, reversible. Inspection of the 
data indicates a slight break in burning time and 
ignition temperature near 0.5 atom H/atom Zr. 
Not until the sample had been almost completely 
converted to ZrH,, however, was there a significant 
increase in ignition energy. Such results are in ac- 
cord with the findings of Hartmann (25), who re- 
ported ignition energies of 64-320 microjoules for 
ZrH, dust layers; although slightly greater than 
most of the values reported for Zr powder, these 
spark energies still place the hydrides in the hazard- 
ous category. 


HAZARDS 


The hazards incident to handling subsieve zir- 
conium powders arise because of their sensitivity to 





Ma., 1953 


ignition by static electricity or heat. Suggestions 
for safe handling of such material have been py). 
lished by the National Safety Council (29) and py 
Fink (30). . 

As shown in this paper, zirconium powder intringi- 
cally coarser than 10 microns is relatively insensitive 
to ignition, and such powder can be safely handled 
dry. The statement does not apply to powder 
nominally coarser than 10 microns but consisting 
of agglomerates of particles smaller than 10 microns 
Powders containing an unknown proportion of fines 
(particles smaller than 10 microns) should be 
handled with the same care as recommended by the 
National Safety Council, until extensive testing and 
experience have shown that extreme precautions are 
unnecessary. 

CONCLUSIONS 

Subsieve zirconium powder made by calcium 
reduction of ZrO, has maximum activity when the 
high-temperature exposure of the reacted mass is 
kept to a minimum. The combustion properties 
(ignition temperature and burning time) are not a 
critical function of the calcium purity, size, nor 
molar excess, but depend upon the type of oxide 
used. Magnesium reduction of ZrO, yielded powders 
of high activity but low free metal content. Fused 
zirconium prepared by bomb reduction of Zr('l, 
with calcium can be ground to discrete particles in 
the sieve range. Ignition energy determinations on 
fractions of such ground Zr showed that particle 
diameter of 10 microns represents approximately th 
dividing line between hazardous and nonhazardous 
powder, using 0.01-0.04 joule as a criterion oi 
critical ignition energy. Thermal ignition appears 
to occur by spontaneous combustion, and the de 
pendence of ignition temperature on several var'- 
ables follows qualitatively the expression: 


E 


ignition temperature > OR In Gn'/ Kb)’ 
2R In (m ( 


where E is the activation energy for zirconium oxida 
tion, m the sample mass, d the particle diameter, 
and ¢ a time factor related to the oxide film thick- 
ness. Because of variations in this film thickness, 
the burning time of Zr powders is not uniquel) 
determined by the surface area, as measured )) 
low-temperature nitrogen adsorption. The adsorp- 
tion experiments showed that the metal particle 
size approaches, as a lower limit, that of the oxide, 
and also that the metal particles are not appre 
ciably porous. The ignition sensitivity of Zr could 
not be decreased by alloying with Ti, Ni, Cu, Fe, 
Co, or Hz, except by use of amounts so great thal 
burning properties were deleteriously affected. 
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Alkaline Earth Orthophosphate Phosphors' fra 
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Sylvania Electric Products Inc., Salem, Massachusetts firing. ‘1 

urnace, 

ABSTRACT phospha 

The characteristics of new phosphors, comprising orthophosphates of calcium, stron- tion 1 
tium, and barium, and their mixtures are described. The primary (absorbing) activator vhite ¢ 
is tin dissolved in the matrix and with this activator alone strontium, barium, and hosphe 
. . . . . . ) S 7 

@ alpha calcium phosphate emit either in the long wave ultraviolet or the blue regions of the 
‘ , : . ‘ . atmosp 

spectrum, while beta calcium phosphate emits mainly in the red. Introduction of man - ; 
ganese as a secondary activator into beta calcium phosphate or into the mixed calcium- pen wit 
strontium phosphate gives deep red emission. Variable color can be obtained by vary- sed Wa 
ing the manganese content. Beta calcium phosphate, tin activated, has an efficiency of w the « 
15 Ipw in 40 watt fluorescent lamps and their color is close to 3500° White. It gives out contain 
standingly good color rendition and represents an improvement over the red phosphor lume 
, : ume. 

now used in the Deluxe line of lamps. - 

bndepen 
INTRODUCTION The present paper discusses the preparation ani geosPhe 

. . . > } ~w ; . ro ‘ » rr : - }) HOW hy« 
Although halide-free phosphate phosphors emit- properties of phosphors made from the ortho. ' 
ontent, 


ting visible light have received some attention in 
the patent literature (1-3), other published informa- 
tion is rather scanty. Huniger and Panke are quite 
indefinite in their description of the matrix ma- 
terials, but from the context it seems probable that 
they were working with meta phosphates. Tin-ac- 
tivated calcium phosphate, strontium phosphate, or 
barium phosphate were all listed as giving a medium 
fluorescence of blue color. McKeag deals with pyro- 
phosphates of strontium or barium, activated by 
tin or tin and manganese. Kroger (4) has mentioned 
the preparation of doubly activated orthophosphates 
of calcium and strontium, containing the combina- 
tions Ce-Mn and Sn-Mn. Froelich and Margolis 
(5) have also published an exeellent discussion of 
calcium orthophosphate, activated by cerium and 
manganese, which emits deep red light. Henderson 
and Ranby (6) have described a blue-green emitting 
barium pyrophosphate, activated by a rather large 
amount of titanium. 

In considering the alkaline earth phosphates as 
phosphors, it is important to recognize clearly the 
multiplicity of crystal structures which may be en- 
countered and to specify exactly which crystal 
structure is being used in the particular phosphor. 
The best summary on the crystal structures of the 
calcium phosphates is that of Bale, Bonner, and 
Dodge (7), who give x-ray powder diffraction pat- 
terns of 11 different materials. There are no equally 
thorough surveys of either the barium or strontium 
phosphate systems, though Zachariasen (8) has 
proposed a crystal structure for the two ortho- 
phosphates. 

‘Manuscript received July 21, 1952. This paper was 


prepared for delivery before the Philadelphia Meeting, May 
t to 8, 1952. 


phosphates of calcium, strontium, and barium | 



















from mixed orthophosphates, employing tin or | on bein 


and manganese as activators. 0 meta 
No previous work has been published dealing 


with orthophosphate phosphors,* activated by ti 


ranged f 
ring ra 
The | 


alone, and only the single reference by Kroger has i 
lucing 


been found for orthophosphate phosphors contai 
ing both tin and manganese. Kroger’s work was 
limited to preparation of two specific phospho 
compositions by firing in wet nitrogen, which is no 


previou: 
‘ither ¢ 
been re 
suitable for most of the phosphors described in the jj’ °" 
r we 
present paper. ae 


ry . . . ul} ‘ , 
The primary activator in these orthophosphate fq 


phosphors is stannous ion in solid solution in th uly ef 
lattice, probably replacing calcium.’ It need beg " 
present only in low concentration while the secondary Hq" 
activator, Manganese, must be present in larger hydroge 


; ‘ee ; small 
amounts before its emission will be appreciabl . 
stannic 
lree me 


Whilk 
phosph: 


Meruop oF PHuoseHuor PREPARATION 


The basic raw materials used in the preparatio 
of all of the phosphors were the secondary pho» 


. . stoichio 
phates and the carbonates of the alkaline earth 


materia 
with the activators being added generally as sta! Hp... 
nous oxide and manganous carbonate. The seconda’ The 
phosphates were made by precipitation, with puriie’ HM), 
ammonium monohydrogen phosphate, of a Pl" HB...) 


chloride or nitrate solution. A small amount of am- bf the . 


2 In this paper ‘primary activator’’ is used for the ® Ss intr 
tivator capable of absorbing exciting radiation and capab' color } 
also of emission. The energy absorbed may be transfert’ Hiirentray 
to the “secondary activator” which is not capable of #! gradua’ 


sorbing the exciting radiation directly, but which ™ build 
furnish the main visible emission band. Th 
lished 1e 


*Note added in proof: Th. P. J. Botden, has pud" 
|Philips Research Rpts., 7, 197 (1952)| some data on site! briefly 
tium orthophosphate activated by tin. phosph 


















































nonium chloride was sometimes added to the blend 

j raw materials to catalyze the diffusion of the 
activators into the lattice. 

The powdered raw materials were dry blended 
»nd hammer milled to insure intimate mixing before 
fring. Le blends were fired in an electrically heated 
fyrnace, in open silica crucibles, to form the ortho- 
phosphates containing the activators in solid solu- 
rion in their oxidized form. These nonfluorescent 
shite or pink powders were then converted to 
hosphors by firing and cooling in a controlled 
atmosphere, Which consisted of a mixture of hydro- 
ven with oxygen-free hitrogen. The exact mixture 
sed was determined by the firing temperature and 
hy the composition of the phosphor, but it generally 
ntained from 0.5 to 10 per cent hydrogen by 
volume. The color of light emitted was generally 
independent of the composition of the ambient at- 
mosphere, but brightness was low either with very 
ow hydrogen content or with excessive hydrogen 
ontent, due in the first case to insufficient stannous 
ion being formed and in the second case to reduction 
o metallic tin. The temperature for the initial firing 
ranged from 1040° to 1200°C, while that of the second 
firing ranged from 925° to 1200°C. 

The firing method, using carefully controlled re- 
ducing atmospheres, is quite different from those 
previously described in the literature. In the past, 
ither an inert atmosphere, such as nitrogen, has 
been relied upon to prevent oxidation of the activa- 
tors, or a strong reducing atmosphere, such as dry 
or wet hydrogen, has been used to insure complete 
rduction of the activators. Neither atmosphere is 
fully effective with the tin-activated phosphates, 
since nitrogen does not prevent oxidation by the 
water vapor or CO, evolved during firing, and pure 
hydrogen gives metallic tin. In contrast, controlled 
small amounts of hydrogen serve to reduce the 
‘annie ion to stannous ion without formation of the 
Iree metal, 

While the phosphors are designated as ortho- 
phosphates, they generally contain less than the 
‘oichiometric amount of the alkaline earths, as 
materials with the theoretical amount do not 
fluoresce well, 

The phosphors made with tin as the only activator 
have emission colors determined solely by the 
‘tystal structure of the matrix, with concentration 
ol the activator having no effect. When manganese 
Ss introduced as a second activator, the emission 
‘olor becomes dependent on the manganese con- 
‘eitration, since the emission band due to tin is 
kradually suppressed, while that due to manganese 


builds up, as the concentration increases. 


the following sections of this paper will describe 
briefly 1, outstanding characteristics of the various 
Dhosphis, classified according to the alkaline earth 
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metals used to form the orthosphosphate. The ultra- 
violet emission of some of the individual phosphors 
is described in a separate section. 

The composition is expressed as gram-atoms of 
ach metal for each two gram-moles of the PO, 
TABLE I 
. P Firin 
Gram-atoms Po | 

Figure 
Ca Sr Ba co Sn Mn Cc 
2.88 2.00) 0.005 1.8, 1200 1 (Alpha 
Sn) 
2.88) 2.00) 0.040 2.8) 1200) 1 (Beta 
LY os Sn) 
2.84 2.00; 0.020 0.080 3.6) 1200) 1 (Beta 
Sn-Mn) 
0.00) 2.88) 2.00) 0.040 2.8 1150 2A 
0.88 2.00) 2.00 0.040 2.8 1040 2B 
2.00) 0.88) 2.00) 0.040 2.8) 1150) 2C 
2.88 2.00) 0.010 2.8 1175 
2.64 0.24; 2.00) 0.040 2.8 1040) 3 
2.00 0.88) 2.00 0.040 2.8) 1175) 3 
2.66) 0.22 2.00 0.040 1.8 1200) 4 
2.00) 0.88 2.00, 0.040 1.8) 1120) 4 
2.00) 0.88 2.00) 0.040) 0.00 1.8) 1200 5 
2.00) 0.88 2.00 0.040 0.01 1.8) 1200) 5 
2.00) 0.88 2.00} 0.040 0.08 1.8, 1200) 5 
| 
2.80 2.00) 0.005 2.8) 1175) 6 (Alpha) 
2.80 2.00, 0.005 2.8) 1065) 6 (Beta) 
1.60! 1.20 2.00) 0.020 0.3, 1090) 7 
2.00 0.88 2.00 0.010 0.6) 1175) 8 
2.88 2.00 0.005 1.4 1200 8 
2.80 2.00) 0.040 0.6) 1200) 8 
2.88) 2.00 0.040 0.6) 1150) 8 


radical. Thus, a typical calcium strontium ortho- 
phosphate would have the composition: 


Element Gram-atoms 
Ca 1.44 
Sr 1.44 
P (as PO,) 2.00 
Sn 0.04 
Mn 0.04 


Table I lists the composition and final firing condi- 
tions of the phosphors for which emission curves are 
given in the accompanying figures. Except for tri- 
calcium phosphate, as discussed below, nearly 
identical emission curves are obtained with a wide 
range of hydrogen concentrations and firing temper- 
atures. The firing time for the controlled atmosphere 
firing was one hour, using a porcelain boat in a 1!9- 
in. x 30-in. silica tube. 
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CaALcIUM ORTHOPHOSPHATE PHOSPHORS 


Three different types of phosphors have been 
made, based on tricalcium phosphate, and their 
characteristics are listed briefly in Table II. The 
emission curves of typical materials are shown in 
Fig. 1. 

The alpha form of the phosphate is quite readily 
produced by firing at temperatures above 1175°C, 
with low amounts of tin present and compositions 
near the stoichiometric amounts. Deviations from 
these conditions lead to the formation of the beta 
form, and the production of this can be made certain 
by the use of rather large amounts of tin and control 
of the atmosphere so as to only partially reduce the 
stannic ion. Apparently, the stannic ion inhibits the 
conversion to the alpha form at temperatures below 


TABLE II 


Peak 


Crystal structure Activators Emission wavelength 


High temp (AI- 





























pha 0.005 Sn Blue 4900 
Low temp 
(Beta) 0.04 Sn White 6300 
Low temp 
(Beta) 0.02 Sn + 0.08 Mn Orange 6500 
ALPHA- SN BETA-SN 
7" -& 
>_< 
/ 
/ 
2 
Pn _ BETA-SN-MN 
6 
360-440 520 600 680 


Fic. 1. Relative visible emission of calcium orthophos- 
phates activated by tin and by tin and manganese. 


1200°C. Manganese also inhibits the conversion to 
the alpha form and it has proved rather difficult to 
obtain alpha tricalcium phosphate containing tin 
and manganese. However, this phosphor has a very 
weak fluorescence and is not of great interest. 

The reduction processes, converting stannic ion 
to stannous ion and stannous ion to metallic tin, 
are sensitive to temperature, and the ambient at- 
mosphere employed during firing must be changed 
in ratio of hydrogen to nitrogen to suit the exact 
time and temperature of firing. 

With tin contents between 0.01 and 0.04 gram- 
atoms per mole of calcium phosphate, it is readily 
possible to produce phosphors of variable color 
ranging from blue to white, with the emission depend- 


* In Fig. 1 to 5 the relative energy scale is the same and 
2537 A radiation is used for excitation. 





Mey 1953 
ing on the relative proportions of the two cry 
structures present in the final product. 

The visible emission of the alpha form of th 
phosphor, activated by tin, is a single band with , 
Gaussian distribution of energy against wave nun. 
ber. In addition, there is an ultraviolet emissiq, 
band. 

The visible emission of the beta form, tin-act). 
vated, is somewhat more complex and it may hy 
analyzed into two subbands with Gaussian distrihy. 
tion of energy, the peaks of these subbands lying 4; 
6300 and 4950 A. 

The introduction of manganese into the tip. 
activated beta structure apparently suppresses the 
tin emission as the concentration of manganese jp. 
creases, with the development of a new emission 
band peaking at 6500 A. Thus the result of the 
manganese addition is a gradual shift from a white 
to an orange-red emission. With manganese con. 
centrations above 0.15 gram-atoms, the emission 
becomes quenched and intensity drops off, 


Stal 


























| BA SR 
A 2.88 - 
|B 2.00 088 
a es 1S 0.88 2.00 
o. ~4 A 
<> x ee. 
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360 440 520 600 680 


Fic. 2. Relative visible emission of tin-activated bariun 
strontium orthophosphates. 


STRONTIUM AND BARIUM ORTHOPHOSPHATE 
PHOSPHORS 


At the firing temperatures used for the prepar- 
tion of these phosphors, only one crystal form 0 
strontium orthophosphate and barium orthophos 
phate was detected, confirming previously reported 
data. Both phosphors show relatively simple emi 
sion spectra, that of barium orthophosphate lying 
in the visible with the peak at about 4150 A & 
shown in Fig. 2. The color of the emission is 1! 
dependent of the tin concentration, but the ¢: 
ficiency falls off at either very low or very high cot 
centrations. The control of the tin reduction als 
becomes difficult at concentrations above 0.08 grat 
atoms and the powders are frequently grayish, unles 
the ambient atmosphere during firing is correct!’ 
chosen. 

The emission of strontium orthophosphate |i 
completely in the ultraviolet and will be described 
in a later section. 

Addition of manganese to the strontium phosphate 
results in rather poor emission in the visible with the 
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ofect ol the manganese being mainly that of sup- 
pressing the emission due to tin, though it does in- 
sroduce a band peaked at 6100 A. Barium phosphate 
will not dissolve manganese. 


\lixep ORTHOPHOSPHATE PHOSPHORS 


(se of a mixture of the alkaline earth metals in 
place of the single metals results in slight changes 
with certain mixtures and in more radical changes 
1 the emission spectra for other systems. 


Strontium-Barium Phosphates 


The effect of replacing a part of the barium, in 
barium orthophosphate, by strontium is relatively 
dight with a gradual shift in the peak of the emission 
curve. Typical emission curves are given in Fig. 2. 
The change in position of the peak is quite gradual 
through most of the range, but as the pure strontium 
phosphate is approached, the change in peak emis- 
sion becomes more rapid. 





























i. 
360 440 
Fia.3. Relative visible emission of tin-activated calcium- 
hirium orthophosphates. 


520 600 680 


Strontium-Baritum-Calcium Phosphates 


lin-activated phosphors containing all three of 
the alkaline earth metals generally gave very poor 
emission When moderate amounts of any of the three 
tomponents were present. 


Calcium-Baritum Phosphates 


When there is gradual replacement of calcium by 
arlum in the alpha phosphate there is at first little 
hange in the emission spectrum or in the crystal 
tructure, although there is a definite change in 
physical properties, with evidence of a eutectic for 
he composition containing 2.44 gram-atoms of 
‘uleium and 0.44 gram-atom of barium. Further 
replacement leads to changes in both emission 
pectrum and crystal structure, as evidenced by 
~wder diffraction patterns. With 2.00 gram-atoms 
‘ calcium and 0.88 gram-atom of barium, only the 
Ww powder diffraction pattern is found, and the 


9° . 
Mission curve peaks at 4700 A. Further increase 
i the barium content leads to decreased emission, 


inti the pure barium orthophosphate is approached. 
'ypies 
d a 


urves are shown in Fig. 3. 
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Like many other systems containing barium, 
manganese is not soluble in the caleium-barium 
phosphates and useful phosphors containing manga- 
nese have not been made. 


Caleium-Strontium Phosphates 


This system shows rather radical changes in the 
emission spectra as the composition of the mixture 
is varied. 

Starting with the beta form of tricalcium phos- 
phate, which has a red emission band with sub- 
bands peaked at 6300 and 4950 A, the apparent 
effect of strontium substitution up to 0.88 gram- 
atom is a suppression of the 4950 subband, without 
major change in the 6300 subband, and the develop- 
ment of a new emission band at 4000 A. While the 
6300 subband shows no major change, it does shift 
position slightly from 6300 to 6150 A as shown in 
Fig. 4. The emission color thus shifts from a white to 
a red, because of the suppression of the 4950 sub- 
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Fic. 4. Relative visible emission of tin-activated calcium- 
strontium orthophosphates. 


band and the low visual effectiveness of the band at 
4000 A. This change in emission occurs without 
change in crystal structure other than a slight ex- 
pansion of lattice. 

Addition of manganese to a phosphor containing 
2.00 gram-atoms of calcium and 0.88 gram-atom 
of strontium, like additions to beta calcium phos- 
phate, results in a gradual suppression of the tin 
emission at 4000 A, while the change in the red 
emission band may be interpreted as a suppression 
of the tin band at 6150 A and the development of a 
new manganese band peaking at 6350 A. This manga- 
nese band is considerably sharper than that due to 
tin, so the emission color is deep red. Fig. 5 shows 
emission curves for phosphors containing 2.00 gram- 
atoms of calcium and 0.88 gram-atom of strontium. 

With tin activation, further 
strontium content above 0.88 gram-atom results in 
the development of a new type of crystal structure 
which might be described as a transition structure 
between calcium and strontium phosphates. How- 


increase in the 


ever, this change of structure does not cause any 
marked change in the emission spectra. Surprisingly, 








| 
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the typical red emission spectrum persists even with 
compositions containing as much as 2.60 gram-atoms 
of strontium with 0.20 gram-atom of calcium, even 
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Fic. 5. Relative visible emission of calcium-strontium 





orthophosphate activated by tin and manganese. 
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Fic. 6. Normalized reiative excitation spectra of alpha 
and beta calcium orthophosphate activated by tin. 
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Fic. 7. Normalized relative excitation spectra of cal- 
cium-strontium orthophosphate for red and blue emission 
bands. 


though this shows the powder diffraction pattern 
of strontium orthophosphate. Beyond this point, 
there is a sharp transition to the typical ultraviolet 
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lid no’ 


hosp! 


emission of the tin-activated strontium orth, 
phosphate. 


TISSI 
EXcITATION SPECTRA re 
A rather limited amount of work has been doy, shosph 
on the excitation spectra of these phosphors gy 
data on these spectra will be reported in a |aty 
paper. The excitation spectra are quite comple Ln 
in their dependence on composition and show ;fyomis 
multiplicity of peaks, in some cases, Over a Wayelloluxe 
length range from 2200 to 3200 A. In general, thellllmbed lig’ 





peak of the excitation curves lies close to 2537 \ HiRome 
so that the efficiency of excitation by the |ow.fyeres 
pressure mercury are is excellent. The results qMiates. 
lhe 
ade 
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Fic. 8. Normalized ultraviolet emission spectra of va 
ous orthophosphates activated by tin. The 
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Fic. 9. Emission spectra, omitting mercury lines 

10T12 Cool White fluorescent lamps. A, major compones! lhe 
CaSiO,;:Pb,Mn; B, major component Ca,(PO,)::Sn aid 
the mixed calcium strontium orthophosphates at . a 
vated by tin are especially interesting since the) heii 
show different excitation spectra for the red and (i 
blue emission bands. For example, radiation im °" 
3000 A will excite red emission efficiently but wi! Re 
not cause appreciable blue emission. Some typ! ee: 
normalized excitation curves are given in Fig. ' My 


and 7. 





ULTRAVIOLET EMISSION SPECTRA 


As mentioned previously, some types of 
activated phosphate phosphors show emissio! 1! ‘* 
ultraviolet. Typical examples are shown in Fig. > 
In this figure, the ultraviolet emission curves b\" 
been normalized since our method of measiireme' 
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ermit accurate intercomparison of different. 
josphors. However, it should be noted that the 
was much weaker than that of lead-acti- 
ated barium disilicate, the best of the blacklight 


hospho 5. 


APPLICATIONS 


\ number of these phosphors offer considerable 
vomise for use in fluorescent lamps, especially in 
luxe types, because of the large amount of deep 
od light emitted and the relatively high efficiency. 
‘me of the blue emitting phosphors are also of 
nterest as possible replacement for certain tung- 
tates. 

(he properties of typical red phosphors when 
ade into 20 watt lamps are listed below: 


Alkaline earths Activators _ ' y 
cium (Beta Sn 35 0.417 0.384 
cium (Beta Sn, Mn 21 0.420 0.345 
cium + strontium Sn 29 0.444 0.363 
cum + strontium Sn, Mn 21 0.465 0.339 


lhe beta calcium phosphate, tin-activated, gives 
smps With a color between that of one of the soft 
shite lamps now on the market, and 3500° White, 
d by blending with magnesium tungstate and zinc 
White. 


Fhis improved Deluxe Cool White has a very smooth 


yihosilieate can be made to match Cool 
bitput curve for the phosphor component, with an 
wusually large amount of deep red light, as shown 

lig. 9. The measured output in 40 watt lamps 
is reached 45 Ipw at 100 hours and the color rendi- 
i obtained is exceptionally close to that with 
atural daylight. 


CONCLUSION 


he system of phosphors described in this paper 
not only of considerable practical interest as an 
ilition to the growing group of deep red phosphors 
r fluorescent lamp use, but also of great theoretical 
terest because of the striking differences in emis- 
on and excitation characteristics caused by changes 
icrystal strueture or by replacement of one alkaline 
rth metal by another. 

\t present. it 
Hors Obtained with tin as the only activator can 


seems that the various emission 


‘iiterpreted as transitions between the 'S») ground 
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state and the *P,° or 'P,° excited states with the 
transition probabilities and the exact location of the 
absorption and emission bands being determined 
mainly by the erystal structure of the matrix. The 
phosphors containing both tin and manganese, in 
their general behavior, resemble calcium silicate 
activated by lead and manganese, or cx ‘cium halo- 
phosphate activated by antimony and manganese. 
All are, therefore, sensitized phosphors in which 
the primary activator is present in low concentra- 
tion. They are unlike the other well-known systems 
activated by cerium and manganese, where the 
primary activator, cerium, must be present in high 
concentration. 

It is expected that a detailed study of the excita- 
tion and emission spectra of these new phosphors will 
throw further light on the mechanisms of fluores- 
cence, and work along these lines is in progress. 
Further interpretation of their behavior must be 
deferred until this is completed. 
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Note added in proof—See p. 250, column 2: Th. P. J 
Botden has published |Philips Research Rpts., 7, 197 (1952)| 
some data on strontium 


orthophosphate activated by 


tin. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1953 issue of the 
JOURNAL. 
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